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Nomenclature 
 
A  Cross-sectional area of the wire 
a  Slope of the load-stroke curve during loading 
ad  Die (half) angle 
as  Slope of straight line of stroke incrementmeasured stroke obtained by dial gauge  
diagram 
C1, C2  Coefficient 
Dl  Long diameters of the oval 
Ds  Short diameters of the oval 
d  Diameter of the wire 
e  Eccentricity of the wire 
eEL-uniform  Uniform elongation  
F  Tensile load 
Fb  Back tension 
Fd  Resistant force from die (die resistance) 
Ff  Drawing force 
Fk  Kinetic friction force 
Fmax  Maximum tensile load 
F0  Tensile load at 0 mm of stroke 
fs  Schmid factor 
h  Distances between A and B of SEM image (A and B are intersections of lines) 
I  Electric current 
L  Chuck distance between grippers 
Lb  Bearing length of die 
Ld  Measure stroke obtained by dial gauge 
Le  Measured stroke by extensometer during tensile test 
Li  Initial chuck distance in tensile test 
Ls  Stroke increment during tensile test 
L*  Dimensionless chuck distance 
l  Length of the wire 
lA, lB, lC, lD and lE Straight lines on SEM image 
N  Torsion number per unit length (= Nt / L) 
Nt  Torsion number until the wire fractured 
pa, pb and pc Positions on stereographic net 
Q  Heat quantity 
vi 
 
Q̇  Heat flow 
Ra  Reduction of area 
Ren  Areal reduction for one pass 
r0  Radius of the as-drawn wire 
r1  Radius of the test sample in the region of uniform deformation 
r2  Radius of the fractured wire at its most constricted point 
(Shortest distance between the center line and the surface at the most constricted  
part) 
re  Radius of the wire after reduction of diameter by etching 
rs  Distance between center axis of the model and the center of the m-th mesh 
rm  Sum of the side length of the mesh from 0th to m-th  
r*  Dimensionless radius 
S  Sectional area of the wire 
Tt  Torque applied to the wire during torsion test 
u0  Estimated stroke without tensile load (Stroke at 0N) 
umax  Stroke when the maximum tensile load was applied to the wire 
V  Voltage applied to the wire 
w  Distance between O and A of SEM image 
ws  Width of the appeared sample surface 
x  Radial direction axis 
y  Longitudinal direction axis 
{hkl}  Vertical plane to radial direction 
<uvw>  Parallel direction to the drawing direction 
[hkl]  Normal direction of slip plane 
[uvw]   Slip direction of slip system 
[UTVTWT] Tensile direction 
[UCVCWC] Compressive direction 
BT  Back stress ratio 
ft  Difference between shear strain measured from SEM image at fractured part  
f and shear strain calculated from torsion number t 
fpc  Difference between shear strains measured from SEM image at fractured f  
and plastic shear strain pc 
Lgt  Increment in the upper gripper-tape gap 
  Total drawing strain 
one  Drawing strain for each individual pass 
   Rotation angle during torsion test
vii 
 
C  Angle between the compressive direction and the slip direction 
T  Angle between tensile direction and slip direction 
  Shear strain measured from SEM image 
f  Shear strain measured from SEM image at fracture part 
i   Intrinsic shear strain 
pc  Plastic shear strain 
pi  Plastic shear strain calculated by integrating distribution 
t  Shear strain on the surface of the wire (Circumferential shear strain) 
s  Lamellar spacing of pearlite structure 
  Electrical resistivity of the wire 
BT  Back stress applied to the wire during wire drawing 
TS  Tensile strength of the wire 
rz  Shear stress during wire drawing 
zz  Axial stress during wire drawing 
zz-res  Axial residual stress applied to the wire after wire drawing 
C  Angle between the compressive direction and the normal direction 
T  Angle between tensile direction and normal direction of slip plane 
 
Subscript 
m  The number of mesh counting from the most center side mesh 
n  Pass number of wire drawing 
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1. Introduction 
1.1 Overview of this thesis 
The reduction of energy consumption and carbon dioxide emission is an important global 
issue in order to reduce damage to the environment. To solve the problem, the development of metal 
materials with light weight and high functionality has become a national project [1]. In particular, steel 
is abundant in resources, inexpensive, and displays high strength and high recyclability; thus, it 
occupies an important position as a material. Therefore, the development of high strength steel has 
been rapidly conducted. For example, the strength of steel sheets that were mainly used for 
automobiles was 440 MPa in the 1970s and 1980s, 590 MPa in the 1990s, and 980 MPa in the 2000s. 
In the 2010s, a steel sheet with a strength of 1180 MPa was achieved [2]. Furthermore, recently, a steel 
sheet with a strength of 1500 MPa was developed [3]. However, the strength of a steel sheet is much 
smaller than the theoretical strength of iron, which is 11000 MPa [4]. On the other hand, it is obvious 
that a high carbon steel wire is a steel product with the highest strength, as shown in Fig. 1-1. This 
figure refers to another figure showing the relationship between the strength and length of steel 
products [5]. The details of the high carbon steel wire are described in Section 1.2 Description of a 
high carbon steel wire. High carbon steel wires with a tensile strength of 4000 MPa are used as an 
industrial material. Wires with a tensile strength of 7000 MPa were fabricated experimentally on a 
laboratory scale in 2014 [6]. In this way, the strength of the high carbon steel wire is the closest to the 
theoretical strength of iron. Then, the wire has possibility to become even stronger materials. Therefore,  
 
 
Fig. 1-1 Relationship between diameters or thickness of steel products and their tensile strength. 
(Based on [5]) 
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this study focuses on high carbon steel wires. 
A high carbon steel wire is a pearlitic steel wire whose lamellar structure consists of ferrite 
and cementite phases. Before wire drawing, heat treatment called “patenting” makes the lamellar 
structure finer. After that, a wire-drawing process also makes the lamellar structure finer, which 
increases the dislocation density of the wire. In this way, the high carbon steel wire has pearlite by 
work hardening and refining. Thus, introduction of a large strain by the wire-drawing process is an 
effective method for fabricating even stronger materials. However, at the same time, the deformability 
of the wire decreases. Therefore, clarifying an effective microstructure for high ductility is also 
important. It is necessary to investigate two topics for clarifying the effective microstructure for high 
ductility. One is microstructure and mechanical properties against drawing strain. The other is the 
relationship between the microstructure and mechanical properties of the drawn wire. 
For the first topic, many previous works have reported the microstructure and mechanical 
properties of a drawn high carbon steel wire larger than 0.2 mm in diameter [7-32], as shown in Fig. 
1-2, and as mentioned the details in Section 1.3 Microstructure and mechanical properties. However, 
the previous work showed that the slope of radial strain distribution with an increase from the center 
to the surface which is formed during a wire-drawing process will be small for a fine wire with a scale 
of several to tens of micrometers by finite element method (FEM) simulation [33]. Thus, the fine wire 
may have different microstructure and mechanical properties from a wire with a diameter greater than 
0.2 mm which is the industrially used material. As mentioned above, the introduction of a large strain 
by the wire-drawing process —  in other words, fabrication of a finer wire —  is a 
 
 
Fig. 1-2 Ranges of diameters of wires studied in previous works. (Refer to [6, 7-9, 11-13, 15-23, 30-
32]) 
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prerequisite for fabricating even stronger materials. Therefore, clarification of the microstructure and 
mechanical properties of wire less than 0.2 mm in diameter is necessary. 
There are two reasons why the microstructure and mechanical properties of drawn wire 
smaller than 0.2 mm in diameter have not been clarified: the difficulty in drawing a fine wire by using 
a slip-type drawing machine, which is commonly used at industrial sites, and the difficulty in 
measuring the ductility of a fine wire based on an existing testing method for thick wires. As mentioned 
in Section 1.5 Continuous wire drawing, the back tension and drawing speed of a developed non-slip 
type drawing machine for a fine Au or Cu wire drawing are controlled in high accuracy [34]. A fine 
high carbon steel wire can be drawn under appropriate drawing conditions: areal reduction and back 
tension by the non-slip drawing machine. In a previous work, the effect of areal reduction on 
mechanical properties by using a drawing machine for one pass for the wire having thickness on the 
scale of several millimeters was described [30]. A large areal reduction induces embrittlement by strain 
aging at a faster wire-drawing speed and in higher-temperature-process heating situations. However, 
the effect of areal reduction on the microstructure and mechanical properties of the fine wire is not 
significant because of the large effect of heat transfer and heat extraction. Therefore, the difference of 
the drawability caused by areal reduction is negligible in a certain drawing-strain range if the lubricant 
cools the wire. 
 Most previous works reported the effect of back tension on dynamical properties and 
configuration properties, as mentioned in Section 1.6 Effects of back tension. However, back tension 
may control the microstructure and mechanical properties of the drawn wire although there are few 
reports about the effect of back tension on microstructure and mechanical properties. Because the 
results of FEM simulation showed that the increase of back tension increases equivalent plastic strain 
as in one of few previous works [35]. Thus, controlling back tension possibly changes not only the 
microstructure and mechanical properties but also the drawability even if the same drawing strain is 
introduced. That is, a fine wire with high strength and ductility can be fabricated by wire drawing 
under appropriate conditions including controlling back tension. Controlling the back tension can 
provide a different microstructure and mechanical properties, even if the same drawing strain is 
introduced into the wire, as mentioned previously; of course, the controlling back tension also is a clue 
to clarifying the relationship between the microstructure and mechanical properties and the effective 
microstructure for high ductility. Moreover, the method of evaluating the mechanical properties for a 
bulk material cannot be applied to a fine wire, as mentioned in Section 1.8 Measurement method for 
ductility of a fine metal wire. Therefore, a method for evaluating the ductility of a fine wire should be 
established. 
For the second topic, it is difficult to relate mechanical properties as the average information 
to the microstructure with a scale of several angstroms to tens of nanometers, which is local 
information. This study focuses on the fiber texture that has not yet been discussed intensively in the 
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previous works. The reasons for focusing on the fiber texture of the drawn wire are found in the 
following two investigations. 
In previous work, an “additional shear strain layer” was first described [36]. Generally, a 
{111}<110> fiber texture is formed during steel wire drawing [37]. At the surface layer, other types 
of {111}<110> fiber texture are formed by shear stress generated during the wire-drawing process for 
a low carbon steel wire. This layer is the additional shear strain layer. The strength of this layer is 
higher than that of the inner layer of the drawn wire, because the layer plays a role of grain refinement. 
In another previous work, the Lankford value was described [38]. For the steel sheet for automobiles, 
a controlling fiber texture can increase the Lankford value of steel sheets and their workability at a 
secondary plastic process. This might be because the properties of fiber texture itself and the effect of 
the microstructure contribute to increasing the ductility in the range of the existing the fiber texture. 
In this way, dividing the wire into several groups based on fiber texture and organizing the 
microstructure and mechanical properties in each fiber texture of aggregation of a certain crystal 
orientation result in successful clarification of the strengthening mechanism and high ductility in the 
above previous works. 
From the above, the aggregation of fiber texture is defined as “the mesoscale structure.” In 
this study, the mesoscale structure plays a role of mediation between the microstructure, which is local 
information, and the mechanical properties, which is average information, as shown in Fig. 1-3.  
 
Fig. 1-3 Relationship among metal-forming process, microstructure, mesoscale structure, and 
mechanical properties. 
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The organizing microstructure and mechanical properties can clarify the relationship between the 
microstructure and mechanical properties. In addition, the introduction of the mesoscale structure into 
the material can also clarify the guideline series of “metal-forming processing”“microstructure” 
“mechanical properties”, because the relationship between the metal-forming process and fiber 
texture is understood comparatively easily under the theory. In this way, understanding the fiber texture 
(the mesoscale structure) provides a clue to clarifying the relationship between the microstructure and 
the mechanical properties (the effective microstructure for high ductility). 
According to the above introduction, the objective of this study is clarifying the effective 
microstructure for high ductility. Then, the original stages to evaluate the effective microstructure for 
high ductility are set, as shown in Fig. 1-4. This is necessary for fabricating even stronger materials. 
The first stage is an introduction to large strain on the wire. Using a non-slip type drawing strain can 
introduce a large strain, as mentioned in Section 1.5 Continuous wire drawing. The second is the 
establishment of a measurement method for ductility. The third is clarifying changes of the 
microstructure, the mesoscale structure, and mechanical properties. The forth is clarifying the 
relationships between the mesoscale structure and the microstructure and between the mesoscale 
structure and mechanical properties. After that, the effective microstructure for high ductility can be 
clarified as the fifth stage.  
 
 
Fig. 1-4 Road maps for clarifying the effective microstructure for high ductility, which is necessary 
for fabricating even stronger materials. 
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This study will elucidate not only the effect of microstructure on ductility but also establish 
the wire-drawing conditions for drawing wires with high strength and ductility. Furthermore, the 
introduction of a mesoscale structure to understand the relationship between microstructure and 
mechanical properties can be applied to not only other cold working but also other metal processing 
that forms the preferred orientation, i.e., solidification and recrystallization processes. The 
introduction of mesoscale structure elucidates the guideline series of “metal-forming 
processing”“microstructure”“mechanical properties” clear and contributing to fabricating high 
strength materials or desired materials in other metal-forming processes. 
 
1.2 Description of a high carbon steel wire 
A high carbon steel wire is a pearlitic steel wire that includes a carbon concentration of larger 
than 0.6% [39] and of which the lamellar structure consists of ferrite and cementite phases. The wire 
is strengthened by a wire-drawing process [40]. The tensile strength of utility steel wires ranges from 
1400 to 4000 MPa [41]. Some wires with a tensile strength of 4800 MPa are used as industrial 
materials [42]. On a laboratory scale, steel wires with a tensile strength of 6350 MPa were fabricated 
in 2012 [43]. Moreover, wires with a tensile strength of 7000 MPa were successfully fabricated in 
2014 [6]. Thus, the steel wire has the potential to become even stronger, to a material whose strength 
could be close to the theoretical strength of iron, which is 11000 MPa [4]. The wires are specified in 
the Japanese Industrial Standards (JIS) G3502 Piano wire rods [44] and G3522 Piano wires [45]. The 
wires are used as various industrial materials, such as music wires, wire ropes, PC steel wires, steel 
cords, and saw wires.  
In general, a rolling process forms a billet from a bloom cast by a continuous casting method. 
Then, a wire-rolling process forms a wire within the range of 520 mm in diameter [46]. After that, a 
wire-drawing process through dies with a tapered hole forms the wire within the range of 0.08-5 mm 
in diameter [31]. During the manufacturing process, the wire is heat-treated, i.e., patenting, several 
times to improve its drawability. The patenting heat treatment can obtain a fine lamellar structure that 
consists of ferrite and cementite phases through maintaining the wire at an isothermal condition at 
approximately 600°C in the austenitic temperature range and cooling the wire quickly. A pearlite 
structure, duplex structure of pearlite and bainite, and bainite structure are obtained at each appropriate 
thermal condition. The wire whose microstructure is fully pearlite has the finest lamellae and the 
highest strength among the three types of wire [47]. The patenting heat treatment is the first patent that 
Horsfall patented in 1854, after a patent law had been established in England [48]. 
The drawability of a hypereutectoid wire had been considered to be low because of difficulty 
in preventing pro-eutectoid cementite precipitations. However, Ochiai et al. clarified that the 
appropriate cooling rate made pro-eutectoid cementite as thin as a lamellar structure [47]. Therefore, 
a steel wire with more than 1.0% carbon has been used as a utility steel wire. 
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1.3 Microstructure and mechanical properties 
The following microstructural features were already reported. Figure 1-5 shows 
microstructural change against drawing strain. The lamellar directions become parallel to the drawing 
direction by wire drawing in the range of drawing strain smaller than 1.5, although the initial lamellar 
directions are random [7, 8]. Furthermore, lamellar spacing decreases linearly with the diameter of the 
wire by wire drawing [7-10]. In a ferrite phase, dislocation density and vacancy concentration increase 
with increasing drawing strain [11, 12]. A difference of crystal orientation occurs in a ferrite-phase 
layer [13]. Dislocations are also introduced into the cementite-phase layers [14]. Then, the cementite- 
phase layers are fragmented into fine grains, which rotate rigidity [15]. Furthermore, cementite 
decomposition occurs in the range of drawing strain larger than approximately 1.5; then, carbon atoms 
that consist of cementite are dissolved into the ferrite phase [16-19]. Locally, cementite becomes 
amorphous at a high drawing strain [15, 20]. Many studies about the microstructure have been 
reported; however, the results obtained in previous works were local information. 
 
 
Fig. 1-5 Illustration of microstructural change of a high carbon steel wire against drawing strain. (Refer 
to [7-20]) 
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 The following information about mechanical properties was reported. Tensile strength 
increases monotonically with increasing drawing strain [5, 7, 21-23]. Uniform elongation decreases 
significantly in the beginning of wire drawing and then decreases gradually [7]. Reduction of area 
increases in the range of drawing strain smaller than approximately 1.5 and decreases in the range of 
drawing strain larger than about 1.5 [7, 21-23]. However, torsional deformation during a torsion test 
has not been clarified well. Previous works reported that the change of torsion number against drawing 
strain was not monotonic [24-25].  
Although many studies about the microstructure and mechanical properties of drawn wires 
have been reported, the relationship between the microstructure and mechanical properties, especially 
ductility, has not been clarified well; nevertheless, the relationship between tensile strength and 
lamellar spacing, which is regarded as grain size, was satisfied with the Hall-Petch law [26]. Thus, the 
relationships between the mesoscale structure and microstructure and between the mesoscale structure 
and mechanical properties is uncertain. In addition, almost all researchers studied the microstructure 
and mechanical properties of only wires with diameters larger than 0.2 mm, as shown in Fig. 1-2 [7-
9, 11-13, 15-23, 30-32]. 
 
1.4 Strain distribution of a drawn high carbon steel wire 
In general, during wire drawing there is a radial strain distribution with an increase from the 
center to the surface. A calculation result of simulation shows that the slope of the strain distribution 
decreases with decreasing wire diameter [33]. Therefore, the microstructure and mechanical properties 
of wires with a scale from several to tens of micrometers are different from those of wires with a scale 
of hundreds of micrometers. Thus, it is important to evaluate the microstructure and mechanical 
properties of fine steel wire sufficiently. 
However, studies related to fine wires have not been conducted because of the two 
difficulties mentioned above. The first is the difficulty of measuring the ductility of a fine wire based 
on an existing testing method for thick wires. The second is the difficulty of drawing the fine wire by 
using a slip-type drawing machine, which is commonly used at industrial sites — in other words, 
introducing a large strain on the wire. 
 
1.5 Continuous wire drawing 
At industrial sites, a wire is drawn by using a continuous-drawing machine. When dies 
follow continuously, as shown in Fig. 1-6, a drawing force at the previous pass is applied to the wire 
as back tension at the next pass, as shown in Eq. (1-1). The symbols Ff, Fb, Fd, and n are drawing force, 
back tension, resistant force from die (die resistance), and pass number, respectively.  
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Ffn = Fbn + Fdn = Fb1 + ∑Fdi
n
i=1
 
 
At later passes, a large tension is applied to the wire as back tension. The wire might be fractured when 
a tension larger than fracture strength is applied to the wire. To decrease or control the tension applied 
to a wire, two types of drawing machine are commonly used at industrial sites. One is a slip-type 
drawing machine. The other is a non-slip type drawing machine. The properties of each drawing 
machine are shown in Fig. 1-7.  
The slip-type drawing machine equips capstans between dies. Basically, one motor drives 
several capstans. The capstan rotates at a higher surface speed than the wire-drawing speed, which 
generates kinetic friction force Fk to decrease the back tension, as shown in Eq. (1-2).  
 
Ffn = Fbn + Fdn − Fkn = Fb1 + ∑Fdi
n
i=1
− ∑Fki
n
i=1
 
 
However, the kinetic friction force cannot be set concretely, so back tension cannot be controlled. In 
addition, scratches on the surface of the drawn wire are generated easily. It is necessary to cool the 
wire by means of a lubricant, because a large friction force promotes strain aging. Furthermore, there 
are two types of slip-type drawing machine. One is a corn-type drawing machine. The other is a roll-
type drawing machine. For the corn-type, the diameter of the capstan is designed to become larger 
with decreasing wire diameter. For the roll-type, the large slip rate, which is defined as the difference 
of the speed of the wire and circumferential speed, occurs at a low drawing strain, because the diameter 
of the capstan does not vary. A larger slip rate more easily generates scratches or large tension caused 
by friction force variation and results in the fracture of the wire. Therefore, it is generally the practice 
to use the corn-type drawing machine for drawing a fine wire. However, areal reduction and back 
 
 
Fig. 1-6 Relationship among drawing force Ff, back tension Fb, and resistant force from die Fd in (a) 
continuous wire drawing and (b) free body diagram. The subscript n is pass number of wire drawing. 
(1-2) 
(1-1) 
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wire-drawing conditions in using the slip-type, both of corn- and roll-types. 
On the other hand, the wire does not slip on the capstans for a non-slip drawing machine. 
Basically, one motor drives one capstan. There are two types of non-slip drawing machine. One is a 
storage-type drawing machine. The other is a straight-type drawing machine. For both types, the wire 
is drawn to remain at a constant drawing speed. Furthermore, the previous and next passes are 
individual, because the wire is fixed at the capstan and the next die instantaneously, because the wire 
cannot slip on the capstan. Thus, the tension applied to the wire can be shown as Eq. (1-3).  
 
Ffn = Fbn + Fdn 
 
For a storage-type drawing machine, the storage of the wire adjusts the drawing speed between dies. 
The wire can be drawn under the optional areal reduction. (The wire is drawn under an areal reduction 
of 1015%, generally — at the most 30%.) However, the back-tension condition cannot be set, because 
the controller is not equipped. A straight-type drawing machine can be categorized into two types. One 
is a dancerless-type. The other is dancer-type. For a dancerless-type drawing machine, the tension 
applied to the wire between dies, which can be controlled by electrical properties, adjusts the drawing 
speed. For a dancer-type drawing machine, the tension applied to the wire between dies, which can be 
controlled by the position of the dancer roll, adjusts drawing speed. Then, the optional areal reduction 
and back-tension conditions can be set. However, tension and speed have not been controlled with 
high accuracy so far. 
A non-slip type dancer-type drawing machine developed for drawing a fine wire includes a 
high-technology proportional integral derivative controller and can control tension and drawing speed 
with high accuracy. The machine composes capstans, actuators, dancers, angle sensors, and so on [34]. 
Actuators apply torque to dancers; then, the dancers apply tension to a wire. An angle sensor detects 
a dancer angle that is fed back to control the capstan speed to keep 0° of the dancer angle during wire 
drawing. Therefore, a newly developed non-slip type drawing machine is progressive and very suitable 
for drawing a fine wire. 
In this way, a fine high carbon steel wire can be drawn under appropriate drawing conditions: 
areal reduction and back tension by using a non-slip drawing machine. Then, microstructure and 
mechanical properties of the wire with a diameter smaller than 0.2 mm can be clarified. However, the 
effect of areal reduction on the microstructure and mechanical properties of the fine wire is not 
significant because of the large effect of heat transfer and heat extraction, although previously it has 
been reported that a large areal reduction induces embrittlement by strain aging at a faster wire-
drawing speed and higher temperature process heating situations [30]. Therefore, the effect of areal 
reduction on the mechanical properties needs to be confirmed in this study. The controlling back 
tension may change the microstructure and mechanical properties of the drawn wire, because the 
(1-3) 
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results of FEM simulation show that the increase of back tension increases equivalent plastic strain 
[35]. Studies have clarified the effects of back tension on the dynamic properties and configuration 
properties, as mentioned in Section 1.6 Effects of back tension. However, there are few reports about 
the effects of back tension on microstructure and mechanical properties. 
 
1.6 Effects of back tension 
In the 1920s, Weisenberg developed the wire-drawing process with back tension to reduce 
the work consumed during wire drawing. Stringfellow tried to implement the wire-drawing process in 
the 1940s [49]. As a result, a drawing machine for wire drawing with back tension was developed. 
Wire-drawing processes with back tension were tried at many industrial sites [50]. Many researchers 
studied the effect of back tension experimentally and analytically [31, 35, 49, 51, 52]. The effects of 
back tension can be categorized into dynamic properties, configuration properties, and mechanical 
properties. 
 
1.6.1 Dynamic properties 
The relationships among drawing force, back tension, and die resistance are shown as Eq. 
(1-1). Thus, die resistance can be calculated by measuring the drawing force and back tension. Gokyu 
reported the relationship of this force experimentally [53]. The 0.6% carbon steel wires with diameters 
of 1.79 mm were drawn to 1.6 and 1.55 mm in diameter through a universal testing machine. The back 
tensions were 20%, 40%, 60%, 80%, and 93% of the 0.2% yield stress of wire of 1.79 mm in diameter. 
The drawing speed was 56 mm/min. Figure 1-8 shows the relationship among back tension, drawing 
force, and die resistance (die pressure). Increasing back tension increases drawing force and decreases 
die resistance. The above relationship is understood based on the slab method analytically. The 
theoretical formulae about wire-drawing force were suggested by Sieble [54], Lewis [55], Körber [56], 
Tanaka [57], Suzuki [58], and others. Schwier clarified that an experimental value is in good agreement 
with the theoretical value in the case of no back tension [59]. On the contrary, Gokyu et al. clarified 
that an experimental value is in good agreement with the theoretical value, which was suggested by 
Körber [56] in the case of wire drawing with back tension [60]. Equation (1-4) shows the drawing 
force.  
 
σf =
Ff
A1
=kfm [(1+
α
μ
) {1- (
A1
A0
)
μ

} +
4
3√3
] +
Fb
A0
(
A1
A0
)
μ

 
 
The symbols f, A0, A1, kfm, , and  are drawing stress, cross-sectional area before drawing, cross-
sectional area after drawing, average of flow stress, friction coefficient, and die angle, respectively. 
The 0.6% carbon steel wire with a diameter of 1.79 mm was drawn to 1.6 mm in diameter. The drawing 
(1-4) 
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force was calculated by Eq. (1-4) and was compared to the experimental value. The average of flow 
stress was 81.5 kgf/mm2 (799.2 MPa). The die angle was 8°. The friction coefficient was 0.12. Figure 
1-9 shows theoretical and experimental drawing force against back tension. The solid line shows the 
theoretical force. The circle plots show the experimental force. The results show that the theoretical 
formula suggested by Körber was in good agreement with the experimental value. 
 The relationship between the bask tension and work consumed is shown as the following. 
Applying back tension is effective for saving drawing power, although increasing drawing force 
increases energy consumption during wire drawing, because necessary work consumed for drawing a 
wire decreases. Work consumed by drawing force Wt, work consumed by back tension Wr, and 
necessary work consumed for wire drawing Wa are shown Eqs. (1-5), (1-6), and (1-7), respectively. 
The parameter l0 is the unit length of the wire before wire drawing. The parameter l1 is satisfied with 
the relationship l1 = A0 l0/A1. 
 
Wt = Ff ∙ l1 
Wr = Fb ∙ l0 
Wa = Wt − Wr = Ff ∙ l1 − Fb ∙ l0 
 
The necessary work consumed for wire drawing Wa was calculated by the necessary work consumed 
for genuine plastic deformation Wp, external friction work between die wall and materials Wef, internal 
friction work for turning of fiber of material Wif, and necessary work consumed for elastic deformation 
We, as shown in Eq. (1-8).  
 
Wa = Wp + Wef + Wif + We 
 
The works Wp, Wif, and We are shown in Eq. (1-9), (1-10), and (1-11), respectively. The symbol V is 
the volume of the deformation part. The symbols 0 and  1 are the amounts of elastic deformation. 
The subscripts 0 and 1 mean before and after wire drawing, respectively. 
 
Wp = kfm ∙ V ∙ 2.3 log (
l1
l0
) 
Wif = kfm ∙
4
3√5
∙ α ∙ V 
We =
1
2
Fb0 +
1
2
Ff1 
 
(1-7) 
(1-8) 
(1-9) 
(1-10) 
(1-11) 
(1-5) 
(1-6) 
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Fig 1-8 Relationships among back tension, drawing force, and die resistance (die pressure): the 0.6% 
carbon steel wires with diameters 1.79 mm were drawn to 1.6 and 1.55 mm in diameter through a 
universal testing machine, back tensions were 20, 40, 60, 80, and 93% of 0.2% yield stress of the wire 
of 1.79-mm diameter, and drawing speed was 56 mm/min. (Refer to [60]) 
 
 
Fig. 1-9 Theoretical and experimental drawing force against back tension: the wire with a diameter 
1.79 mm and 0.60% carbon was drawn to 1.6 mm in diameter, the solid line shows theoretical force 
suggested by Körber [56], and the circle plots show experimental results [60]. 
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Figure 1-10 shows each work consumed against back tension in the case in which the 0.6% carbon 
steel wire with a diameter of 1.79 mm was drawn to 1.6 mm in diameter. Each work consumed was 
calculated by using Eqs. (1-5)-(1-11). The necessary work consumed for elastic deformation We was 
not considered because it was negligible. From Fig. 1-10, increasing back tension decreases the 
necessary work consumed for wire drawing Wa. 
 
 
Fig. 1-10 Each work consumed against back tension: the 0.6% carbon steel wire with a diameter of 
1.79 mm was drawn to 1.6 mm in diameter. (Refer to [60]) 
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 Many works reported drawing force, die pressure, and stress state, which were calculated by 
simulation during wire drawing with back tension. Gokyu measured the die pressure by the pin-contact 
method during drawing an electrolytic copper wire of 15.1 mm in diameter to 13.5 mm under back 
tensions of 0, 8, and 17 kgf/mm2 (0, 78, and 167 MPa) at a drawing speed of 0.3 mm/s [61]. The pin-
contact method measures pressure applied to pins which are equipped in small holes made intendedly. 
Figure 1-11 shows the measured result of die pressure. The die pressure at the entrance of the die was 
the highest and decreased to the exit of the die. The die pressure in only approach part could be 
measured for the wire drawing with back tension. Increasing the back tension decreases the die 
pressure at approach part (the entrance) of the die.  
 
 
Fig. 1-11 Die pressure distribution measured by the pin-contact method during drawing an electrolytic 
copper wire 15.1 mm in diameter to 13.5 mm under back tensions of 0, 8, and 17 kgf/mm2 (0, 78, and 
167 MPa) at drawing speed of 0.3 mm/s. (Refer to [61]) 
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Yoshida calculated the die pressure during drawing a tough pitch copper wire under areal 
reduction of 15% and die angle of 6° by using FEM simulation [35]. The back stress was 20% and 
40% of drawing force under no back tension. Figure 1-12 shows die pressure. The symbol k is shear 
yield stress. The die pressures at the entrance and the exit of the die were the highest and decreased 
with increasing back tension. 
 
 
Fig. 1-12 Die pressure distribution calculated by FEM during drawing tough pitch copper wire under 
areal reduction of 15% and die angle of 6°. Back stresses were 20% and 40% of drawing force under 
no back stress. (Refer to [35]) 
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1.6.2 Configuration properties 
 Kubota et al. reported the effect of back tension on the diameter of the drawn wire [62]. The 
0.2% carbon steel wires with diameters of 12.31, 12.65, and 13.25 mm were drawn to 12.00 mm in 
diameter by two passes. The drawing force at the first pass became the back tension at the second pass. 
The back tension ranged from 025 kN. The diameter thickening ratio is calculated by Eq. (1-12). 
The symbols D2 and d2 are the inner diameter of the die at the second pass and the wire diameter after 
the second pass, respectively.  
 
 =
d2
D2
− 1 
 
Figure 1-13 shows the relationship between the back tension and the diameter-thickening ratio. 
Increasing the back tension decreases the diameter-thickening ratio. This tendency, which was 
explained previously, is conspicuous in the results for areal reduction of 10%, which is in good 
agreement with other work [32]. The reason for it being conspicuous in the results for areal reduction 
of 10% could be the interaction between residual stress and elastic recovery. In this way, applying 
back tension to the wire can control the diameter of the wire and be a factor of changing the wire 
diameter. 
 
Fig. 1-13 Relationship between back tension and diameter thickening ratio: thickening ratio is acquired 
by subtracting 1 from the ratio of wire diameter after second pass to inner diameter of die at second 
pass; the wires with diameters of 12.31, 12.65, and 13.25 mm and 0.2% carbon were drawn to 12.00 
mm in diameter by two passes. (Refer to [62]) 
(1-12) 
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 Yoshida et al. reported the effect of back tension on internal defects of the wire [35]. The 
tough-pitch copper wire of 6 mm in diameter was drawn to 3 mm in diameter under areal reduction of 
5% and die angle of 6°. The back tension was 50% of the drawing force under no back tension. The 
weight and density of the wire were measured. Figure 1-14 shows the relationship between the 
diameter of the drawn wire and density and a photograph of the inner defects of the wire. Increasing 
back tension promoted the occurrence of inner defects and decreased the density significantly.  
 
 
Fig. 1-14 Schematic image of effect of back tension on inner defects of a drawn wire: (a) density 
against diameter of drawn wire and (b) photograph of inner of wires. (Refer to [35]) 
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1.6.3 Mechanical properties 
Gokyu et al. reported the effect of back tension on the strength of a drawn wire [32]. The 
0.6% carbon steel wire with a diameter of 1.79 mm was drawn to 1.6 mm in diameter. Tensile strength, 
0.2% yield strength, 0.03% elastic limit, and torsion number were measured. Figure 1-15 shows the 
tensile strength, 0.2% yield strength, 0.03% elastic limit, and torsion number against back tension. 
Tensile strength was constant against back tension. The minimum and maximum values of 0.2% yield 
strength and 0.03% elastic limit were shown at 20% and 80% back tension, respectively. 
 
 
Fig. 1-15 Tensile strength, 0.2% yield strength, 0.03% elastic limit, and number of torsions against 
back tension. The wire with a diameter of 1.79 mm and 0.60% carbon was drawn to 1.6 mm in diameter. 
(Refer to [32]) 
  
21 
 
Martin et al. reported the effect of back tension on the ductility of a drawn wire [31]. The 
0.82% carbon steel wire with a diameter of 5.2 mm was drawn to 4.41 mm in diameter. Tensile strength, 
yield strength, uniform elongation, and reduction of area were measured. Figure 1-16 shows the tensile 
strength, yield strength, total elongation, and reduction of area against back tension. The tensile 
strength was constant against back tension. Total elongation and reduction of area decreased with 
increasing back tension. However, the yield strength increased with increasing back tension. This 
tendency was not in agreement with the result shown in Fig. 1-15. Therefore, the effect of back tension 
on yield strength was ambiguous. 
 
Fig. 1-16 Tensile strength (Zugfestigkeit), yield strength (Streckgrenze), total elongation 
(Bruchdehnung), and reduction of area (Brucheinschnürung) against back tension (Gegenzug): the 
0.82% carbon steel wire with a diameter of 5.2 mm was drawn to 4.41 mm in diameter. (Refer to [31]) 
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The above shows that applying back tension has not only a merit — decreasing necessary 
work consumed for genuine elastic deformation — but also a demerit — promoting inner defects. 
However, the effects of back tension on the microstructure and mechanical properties of the wire with 
a diameter smaller than 0.2 mm have not clarified in the same way as the effect of areal reduction. It 
is important to evaluate the effects of back tension to understand the microstructure, including fiber 
texture and mechanical properties, deeply. 
 
1.7 Improvement of properties by controlling the crystal orientation 
Information about fiber texture that has been reported and the possibility of improvement of 
properties by controlling the crystal orientation of the drawn steel wire are described in this section. 
Generally, mainly {111}<110> fiber texture is formed during a steel wire drawing process [37]. In 
other previous works, it was reported that the {112}<110> fiber textures and {110}<110> fiber 
textures are formed at outer and inner sides of a drawn pearlitic steel wire, respectively [28]. The 
intensity of the <110> fiber texture at the outer side was smaller than that at the inner side [29]. 
Moreover, the difference of crystal orientation in a ferrite-phase layer was observed by transmission 
electron microscope (TEM) analysis [13]. It is obvious that crystal orientation is not uniform to radial 
direction of the wire. However, details have not been clarified for examples of thickness of each fiber 
texture. On the other hand, electron backscatter diffraction pattern (EBSD) analysis has progressed 
significantly recently [63]. The fine microstructure can be analyzed by EBSD with high accuracy. 
Thus, using EBSD analysis will help to understand fiber texture deeply. 
Kajino et al. focused on the crystal orientation as a factor of the hardening layer of the drawn 
wire [36]. For a low carbon steel wire, mainly a {111}<110> fiber texture was formed during the wire-
drawing process. In addition, this crystal orientation rotated on the <110>, axis which was parallel to 
the drawing direction; then, two types of {111}<110> fiber texture were formed at outer layer of the 
drawn wire. This layer is defined as “additional shear strain layer.” The strength of this layer was 
higher than that of the inner layer of the drawn wire, because the additional shear strain layer plays a 
role of grain refinement. In this way, desirable mechanical properties can be provided by controlling 
the fiber texture, because each fiber texture has its properties. 
Furthermore, for steel sheets for automobiles, the controlling fiber texture can increase the 
Lankford value of steel sheets and their workability at a secondary plastic process [38]. This might be 
because of the properties of the fiber texture itself and the effect of the microstructure contributing to 
increasing ductility in the range of the existing the fiber texture. Clarifying the microstructure and 
mechanical properties in each fiber texture can help with understanding the effective microstructure 
for high ductility. 
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1.8 Measurement method for ductility of a fine metal wire 
The International Organization for Standardization (ISO) 6892-1 [64] and JIS Z2241 [65] 
refer to a method for measuring the ductility of a bulk metal. In general, a cross-head of a universal 
testing machine bends during tensile testing because of a large tensile load for the bulk metal. Thus, 
the stroke increment of the cross-head, which is measured by the rotation angle of a ball screw in the 
universal testing machine, should be smaller than the genuine extension. Therefore, the ISO standard 
and JIS recommend placing an extensometer upon the tested wire. The reduction of area is calculated 
from the diameter of a wire prior to tensile testing and the diameter at the most constricted point after 
tensile testing is complete. These diameters are measured by joining fractured pieces. 
However, there is no standard of tensile testing method for a fine wire with a scale of smaller 
than hundreds of micrometers in diameter, although only the gauge length for a wire with a diameter 
smaller than 4 mm is standardized in ISO 6982-1 and JIS Z2241. Thus, it is difficult to measure the 
ductility of a fine wire in terms of handling based on ISO 6892-1 and JIS Z2241. For example, it is 
difficult to place the extensometer upon a fine wire. It is a time-consuming process to use such a 
noncontact extensometer, although previous works evaluated elongation of a fine metal wire via the 
noncontact extensometer. It is also difficult to join fractured pieces. 
On the other hand, the amount of cross-head bending during tensile testing might be 
negligible in the tensile testing because of the small tensile force of the fine wire. Thus, the stroke 
increment can be regarded as the wire extension. The validity of regarding the stroke increment of the 
cross-head as the wire displacement should be clarified, because it is difficult to join fractured pieces, 
as mentioned previously. Furthermore, a measurement method for the reduction of area using one 
fractured piece should be established. In this way, the tensile testing method and the measurement 
method for the elongation and the reduction of area for a fine wire should be established. 
 Ductility of a drawn high carbon steel wire is also evaluated by a torsion test. ISO 7800 [66] 
and JIS G3502 [44] refer to a method for the torsion test of a metal wire. In the torsion test, the wire 
is twisted in a certain rotational direction until the wire fractures. The rotational number at the fracture 
of the wire is called the torsion number. The torsional formability is evaluated by the torsion number 
and fracture morphology. However, many works related to the torsion properties of a wire focused on 
not the torsional number but the fractured piece called “delamination” [67-72]. On the other hand, a 
previous work clarified that the torsion number has a large variation. The reason for the variation of 
torsion number has not been determined, although the torsion number is evaluated as ductility at 
industrial sites frequently [24]. Therefore, the reason for the validity of the torsion number should be 
elucidated. A valid evaluation method for torsional properties of a wire needs to be found. 
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1.9 Objectives 
The introduction of a large strain into metallic materials is effective for fabricating the even 
stronger materials, although the ductility of the materials decreases with the introduction of the large 
strain. Thus, the clarification of the effective microstructure for high ductility is required as an 
objective. This study focused on a high carbon steel wire as the strongest metallic material, of which 
the strength reached 7000 MPa on a laboratory scale [6]. It is necessary in order to achieve the above 
objective to clarify the microstructure and mechanical properties and the relationship between the 
microstructure and mechanical properties. However, the microstructure and mechanical properties of 
a drawn wire smaller than 0.2 mm in diameter has not been elucidated because of difficulties in 
drawing a fine wire by using a slip-type drawing machine, which is commonly used at industrial sites, 
and measuring the ductility of a fine wire based on an existing testing method for thick wires. 
During wire drawing, the slope of the radial strain distribution with an increase from the 
center to the surface is formed. The introduction of a large strain by the wire-drawing process — in 
other words, the fabrication of a finer wire — is a prerequisite for fabricating even stronger materials. 
However, the slope for a fine wire is smaller than that for a wire with a diameter larger than 
approximately 0.2 mm, which is used at industrial sites [33]. Therefore, it is considered that the fine 
wire has a different microstructure and different mechanical properties from those of a wire with a 
diameter larger than approximately 0.2 mm, which has already been reported in previous works [7-
32]. Therefore, drawing wire and establishing a measurement method for ductility are emerging 
challenges. 
Thus, this study focused on a non-slip type drawing machine by which wire can be drawn 
under sufficient conditions [34]. This study also focused the effect of back tension on microstructure 
and mechanical properties. Because a previous work stated that back tension changes the strain 
distribution [35], controlling back tension possibly changes the microstructure and mechanical 
properties and contributes to understanding the relationship between microstructure and mechanical 
properties. In addition, this study should establish a simple and reliable measurement method for 
ductility. Furthermore, this study will define the aggregation of fiber texture as a mesoscale structure. 
This is because the mesoscale structure will play a role of mediation between the microstructure, which 
is local information, and mechanical properties, which are average information. It is considered that 
the introduction of the mesoscale structure and the clarification of the microstructure and mechanical 
properties of each mesoscale structure can clarify the relationship between the microstructure and 
mechanical properties — in other words, the effective microstructure for high ductility. 
Therefore, the objective of this study is to determine an effective microstructure for high 
ductility. The following goals will be achieved. 
 
1) Establishing measurement methods for ductility 
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2) Clarifying the change of the microstructure, the mesoscale structure, and mechanical properties 
against drawing strain 
3) Elucidating relationships between the mesoscale structure and the microstructure and between 
the mesoscale structure and mechanical properties 
4) Clarifying the effective microstructure 
 
After this study is completed, not only the effect of microstructure for high ductility but also 
the wire-drawing conditions under which a wire with high strength and ductility can be drawn should 
be better-known. Furthermore, the introduction of a mesoscale structure to understand the relationship 
between the microstructure and mechanical properties can be applied to not only other cold working, 
but also other metal processing, which forms a preferred orientation, i.e., solidification and 
recrystallization processes. The introduction of a mesoscale structure contributes to fabricating high 
strength materials or desired materials in other metal-forming processes. 
 
1.10 Construction of this thesis 
This thesis is organized as shown in Fig. 1-17. In Chapter 2, the tensile testing method and 
measurement methods for uniform elongation and reduction of area are established. In Chapter 3, the 
evaluation method for torsional properties is established. Chapters 2 and 3 correspond to the second 
stage in Fig. 1-4. In Chapter 4, the mesoscale structure is clarified based on fiber texture. In Chapter 
5, the microstructure against drawing strain and the relationship between the microstructure and the 
mesoscale structure are elucidated. In Chapter 6, mechanical properties against drawing strain, the 
relationship between mechanical properties, and the mesoscale structure are clarified. The effective 
microstructure for high ductility and the wire drawing conditions for wire drawing wires with high 
strength and ductility are also considered. The third step corresponds to Chapters 4, 5, and 6. The 
fourth step corresponds to Chapters 5 and 6. The fifth step corresponds to Chapter 6. In Chapter 7, the 
conclusions of this thesis are summarized. 
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Fig. 1-17 Construction of this thesis. 
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2. Establishment of a tensile testing method and measurement methods for 
ductility 
2.1 Introduction 
As mentioned in Chapter 1 Introduction, much finer and stronger wires than typical wires 
are required because the weight reduction and miniaturization of various products have progressed to 
reduce load onto the global environment. Thus, many researchers have attempted to fabricate a fine 
metal wire and measured its strength. For example, Kim et al. investigated the mechanical properties 
of ultrafine Au wires for the development of a fine and high strength Au wire [1]. Daitoh et al. [2] and 
Tarui et al. [3] developed a steel wire with a diameter of 0.02 mm and tensile strength higher than 4 
GPa and investigated the microstructure of the wire. Li et al. fabricated an ultrafine steel wire with a 
diameter of 0.02 mm and tensile strength of 7000 MPa experimentally in a laboratory in 2014 [4]. 
However, the ductility such as the elongation or the reduction of area of the wire was not measured 
sufficiently. 
The applicable standard, ISO 6892-1 [5] and JIS Z2241 [6] refer to a method for measuring 
the ductility of bulk metal. In general, elongation is measured from the extension of a wire. The 
extension is measured by an extensometer, not by the stroke increment of a cross-head (henceforth 
simply referred to as the stroke increment) that is measured by the rotation angle of a ball screw in a 
universal testing machine. The stroke increment should be smaller than the genuine extension. This is 
because cross-heads bend during tensile testing owing to the application of a large tensile load to the 
wire. Therefore, the ISO standard recommend placing an extensometer upon the tested wire. The 
reduction of area is calculated from the diameter of a wire prior to tensile testing and the diameter at 
the most constricted point after tensile testing is completed. These diameters are measured by joining 
fractured pieces. 
No standard tensile testing method exists for a fine wire with a scale smaller than hundreds 
of micrometers in diameter although only the gauge length for a wire with a diameter smaller than 4 
mm is standardized in ISO 6982-1 and JIS Z2241. However, it is difficult to measure the ductility of 
a fine wire in terms of handling based on ISO 6892-1 and JIS Z2241. Thus, for a wire with a diameter 
less than 0.2 mm, an elaborate measurement method for elongation is typically required, even though 
the elongations and the reduction of area of wires greater than 0.2 mm in diameter have been calculated 
successfully [7-9]. For example, Khatibi et al. used a non-contact extensometer to perform tensile 
testing on a wire of diameter less than 0.1 mm [10]. However, using such a non-contact extensometer 
is time consuming. Therefore, tensile test is to be performed by regarding the stroke of a cross-head 
as the displacement of the wire. Only the strength of the wire is evaluated at industrial sites. The 
validities of regarding the stroke increment as the displacement of the wire and measuring the 
elongation by the stroke increment have not been clarified. 
For a fine wire, it is necessary to use tensile testing tools and a load cell with a small capacity 
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because such fine wires will only sustain small tensile loads. Thus, this study focuses on the grippers 
for a non-metal wire as the appropriate grippers for a fine metal wire, which can be connected to the 
load cell. Capstan-type grippers are conventionally recommended for gripping non-metal fibers [11] 
but can be applied to a fine metal wire even though the tensile strength of these fine wires is 6.3–7.0 
GPa and is much greater than the strength of non-metal fibers [4, 12]. To use the grippers, no-slippage 
at the fastening between the gripper and wire, and longitudinally uniform elongation at contact and 
non-contact parts of the wire should be revealed, as will be mentioned later. Furthermore, this 
investigation focused on a tensile testing method of fastening the wire to the grippers under an initial 
load, as it is difficult to prevent the wire from slackening without an initial force. In this case, the wire 
is deformed elastically, such that the genuine initial length is shorter than the superficial length. The 
genuine initial length, the stroke at 0 N, must therefore be calculated. The stroke at 0 N can be 
extrapolated using the slope of the stroke–tensile testing force curve. Additionally, the stroke 
increment of the cross-head should be regarded as the displacement of the wire because the 
extensometer cannot be equipped to the wire. Therefore, it is necessary to confirm that the amount of 
cross-head bending during tensile testing is negligible in these situations. Moreover, the measurement 
error of the method mentioned above compared to the non-contact extensometer should be clarified.  
To apply this method, 1) the validity of capstan-type gripper use must be verified, including 
the following conditions: no-slippage at the fastening between the gripper and wire, and longitudinally 
uniform elongation. 2) The estimation method for the elongated length caused by applying an initial 
load to the wire must also be established; in other words, the calculation accuracy of the stroke at 0 N 
from the slope of the stroke incrementtesting force curve should be clarified. Furthermore, 3) the 
validity regarding the stroke increment as the extension of the wire and negligible cross-head bending 
should be considered. In addition, 4) the accuracy of the elongation calculated using the stroke can be 
determined by comparing this value to the elongation calculated using an extensometer. If the four 
aspects for study above can be clarified, it is possible to draw the nominal stress–nominal strain curve 
and calculate the elongation.  
The production of the cross-sectional area and the longitudinal length of a wire remain 
constant during tensile testing until the maximum tensile load is applied to the wire. As such, the 
reduction of area can be calculated with the radius of the wire at the uniform deformation portion, the 
radius of the most constricted point, and the uniform elongation. The radius of the wire at the uniform 
deformation portion and the most constricted point can be measured using the scanning electron 
microscopy (SEM) images of a fractured piece after tensile testing is completed. Before applying this, 
however, the validity of the calculation method for the reduction of area using SEM images of the 
fractured piece must be established. 
Based on the five aspects mentioned previously, the objective of this study is to establish a 
simple and reliable method of measuring the ductility of a fine metal wire. The following points are 
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discussed: the validity of using capstan-type grippers, the stroke calculation accuracy at 0 N, the 
validity regarding the stroke increment as the extension of the wire, the accuracy of calculating the 
elongation using stroke increment, and the validity of the reduction of area calculation method using 
the SEM images of a fractured piece of wire. The correspondence between the experimental and 
examined items is shown in Table 2-1. The differences between the conventional testing method and 
the suggested method are the use of grippers for non-metal wires and applying an initial load to the 
wire. Regarding the stroke as a displacement, the reduction of area with one fractured piece of the test 
specimen is evaluated, as shown in Fig. 2-1.  
 
 
Fig. 2-1 Difference between the conventional testing method and the method in this study. 
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2.2 Experimental procedures 
2.2.1 Starting materials 
The starting materials were patented pearlitic steel wires of diameter 0.444 mm, provided 
by Nippon Steel & Sumikin SG wire Co., Ltd. The chemical composition of the wire, shown in Table 
2-2, was measured based on the Japanese Industrial Standards (JIS) G1211 [13], G1212 [14], and 
G1258 [15] for C, Si, and other relevant elements, respectively. 
 
2.2.2 Wire drawing 
In this study, the areal reduction for one pass Ren was defined for the n-th pass (n = 0, 1, …, 
30). The parameter Ren was defined as the ratio in percent of the difference between the sectional area 
of the wire before drawing Sn-1 and after drawing Sn to the sectional area of the wire before drawing 
each pass, as shown in Eq. (2-1). 
 
Ren =
Sn-1 − Sn
Sn-1
× 100 
 
A wet-type non-slip wire drawing machine (Factory automation electronics Inc., D3ULT-
10D) was used in this study. A wire could be drawn continuously in five passes using this machine. 
The wires of diameter 0.444 mm were drawn to 0.042 mm under an areal reduction of 14% without 
changing the wire drawing directions, as shown in Fig. 2-2. The die half angle was 7° and the bearing 
length was 30% of the internal diameter of the die. The lubricant was mineral l oil (Adeka Chemical 
Supply Cop., AFCO LUBE AL-590A). The conditions for wire drawing are shown in Table 2-3. The 
back tension condition shown in Table 2-3 is defined as the “low back tension” condition in this study. 
On the entrance side of each die, the parameter BTn is defined as the ratio back stress BTn applied to 
the wire to the tensile strength TSn of the wire, which was drawn under the low back tension condition 
on the entrance side of each die as shown in Eq. (2-2).  
 
αBTn =
σBTn
σTSn
× 100 
 
The back stress ratio of the low back tension condition was smaller than 5%. The drawing strain for 
each individual pass one was calculated as 2ln(dn-1/dn). The total drawing strain  was calculated as 
2ln (d0/d30). The symbol d represents the diameter of the wire. After wire drawing, the diameters of 
the wires were measured with a laser interferometer (Zumbach Electronics AG., DU600-RO-OL). 
  
(2-1) 
(2-2) 
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Table 2-2 Chemical composition of a high carbon steel wire (mass %). 
C Si Mn P S Cr Fe 
0.98 0.20 0.30 0.004 0.006 0.20 Bal. 
 
Table 2-3 Wire drawing conditions. 
Diameter [mm] 0.444 0.296 0.217 0.137 0.093 0.063 0.042 
Pass number 0 5 10 15 20 25 30 
Drawing strain for each 
individual pass 
0.156 
Total drawing strain 0 0.81 1.43 2.35 3.12 3.91 4.70 
Back stress [N] 0 1.0 0.5 0.5 0.5 0.5 0.3 
Drawing speed [m/min] — 22 48 105 230 500 500 
 
 
 
Fig. 2-2 Schematic image of wire drawing conditions. 
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2.2.3 Tensile test 
2.2.3.1 Tensile test without a video-type non-contact extensometer 
Figure 2-3 shows images of the tensile testing machine and the definition of wire part in this 
study. A load cell with a maximum range of 500 N was equipped on the lower side of a universal 
testing machine (Shimadzu Co., Autograph AG-25TB) cross-head. The accuracy of this load cell is 
±1 % of the indicated value [16]. The load cell can measure the load applied to the wire with high 
accuracy. The upper gripper (Shimadzu Co., Pneumatic Capstan Grips for Yarn and Cables) was fixed 
to a joint connected to the load cell. The lower gripper was inserted at another joint that was fixed to 
the testing machine table. The distance between the lower edge of the upper gripper and the upper 
edge of the lower gripper was 50 mm in length. It can thus be regarded that the length between point 
A and point B of the wire was 150 mm when the wire was fastened with its initial load. However, this 
length was not the genuine chuck distance because the wire was deformed elastically.  
 
a) Measurement of slippage at fastening between gripper and wire 
Wires with diameters measuring either 0.063 or 0.296 mm were fastened to the upper gripper 
and lower gripper and were pulled tightly by the application of an initial load ranging from 0.5–3.0 N. 
Gauge tape (2 mm × 7 mm) was placed on the wire 10 mm from the fastened edge of the upper gripper, 
as shown in Fig. 2-4. A height gauge (Mitsutoyo Co., HD-AX) was fixed on the universal testing 
machine table. The positions of the fastened edge and the tape were measured prior to tensile testing. 
Next, the cross-head was elevated by 2 mm at a speed of 10 mm/min. This speed is equivalent to the 
1.1×10-3 s-1 of the strain rate. This strain rate is included within the recommended speed in ISO 6892-
1 or JIS Z2241. The positions of the edge and the tape were again measured with the height gauge. 
The distance between the edge and tape (upper grippertape gap) was calculated. 
 
b) Measurement of friction force at contact part between the gripper and wire 
A weight with a clip was equipped on one end of a wire (diameter 0.063 or 0.296 mm) for 
testing. For the 0.063 mm diameter wire, weights of 60, 120, and 150 g were used. These were 5%, 
10%, and 20% of the maximum tensile load, respectively. A weight of 600 g was applied to the 0.296 
mm diameter wire, 5% of the maximum tensile load. The other side of the wire was fastened by the 
lower gripper. The wire was laid over the upper gripper, as shown in Fig. 2-5. The cross-head was 
subsequently elevated by 2 mm at a speed of 10 mm/min. A load cell was used to measure the testing 
force. The stroke increment was measured by the rotation angle of a ball screw in the universal testing 
machine.  
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Fig. 2-3 Figures of normal tensile test: (a) photograph and (b) schematic image and definition of wire 
part. 
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Fig. 2-4 Schematic image of tensile test with a height gauge and pieces of gauge taps for measurement 
of slippage at fastening between grippers and wire. 
 
 
 
Fig. 2-5 Schematic image of method of measuring friction force applied to the wire and the contact 
part of the upper gripper. 
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c) Measurement for cross-head bending in a universal testing machine 
A dial gauge (Kyowa electronic instruments Co., Ltd., DT-30DM150) was set such that its 
pointer was located in front of a load cell in the horizontal center of a cross-head, as shown in Fig. 2-
6. Figures 2-6 (a) and (b) show the front view and side view, respectively. The dial gauge and universal 
testing machine were connected to a scanner (Kyowa electronic instruments Co., Ltd., USB-21A) and 
a data logger (Kyowa electronic instruments Co., Ltd., UCAM-20PC). To confirm that the pointer of 
the dial gauge remained parallel to the cross-head, steel sheets of 2.9 or 4.9 mm thick, were inserted 
between the cross-head and pointer. The thickness was subsequently measured by the dial gauge. The 
thickness of the steel sheets was measured using a micrometer (Mitsutoyo Co., MDC-25MJ) in 
advance. This verified that the difference in measurements was less than 0.1 mm. Thus, the parallelism 
of the pointer was confirmed. The cross-head was elevated by 5 mm at a speed of 10 mm/min without 
a wire. The stroke increment and the measured stroke, obtained using a dial gauge, were logged by the 
scanner and data logger. Subsequently, a wire of either 0.063 or 0.296 mm in diameter was fastened 
to the grippers with an initial load. Again, the cross-head was elevated by 5 mm at a speed of 10 
mm/min. The stroke increment and the measured stroke obtained by the dial gauge were logged by the 
scanner and data logger. 
 
 
Fig. 2-6 Schematic image of tensile test with a dial gauge for measurement of cross-head in a universal 
testing machine from the (a) front and (b) side. 
 
d) Loading–unloading test 
A wire of 0.063 or 0.296 mm in diameter was fastened to the grippers under an initial load. 
The cross-head was elevated by 0.25, 0.5, 0.75, and 1.0 mm before descending to a height of 0.3 mm 
at a speed of 10 mm/min. The testing force and stroke increment were measured. 
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e) Tensile test under various chuck distances 
The cross-head was set at chuck distances of 150, 200, 300, 400, 500, or 600 mm. A wire of 
0.063 or 0.296 mm in diameter was fastened to the grippers under an initial load. The cross-head was 
elevated at a speed of less than 10 mm/min until the wire fractured. The testing force and stroke 
increment were measured. 
 
2.2.3.2 Tensile test with a video-type non-contact extensometer 
A load cell with a maximum range of 1 kN was connected to the lower side of a universal 
testing machine cross-head (Shimadzu Co., Autograph AG-X-50kN). The grippers were affixed to the 
testing machine, as described in Section 2.3.1 Tensile test. A video-type non-contact extensometer 
(Shimadzu Co., TRViewX 500D) was affixed to the front of the testing machine. A wire of 0.042, 
0.063, 0.137, 0.216 or 0.296 mm in diameter was fastened to the grippers under an initial load. Two 
pieces of gauge tape were placed on the wire such that the gap between each tape and its nearest 
gripper was 10 mm, as shown in Fig. 2-7. The cross-head was elevated at a speed of 10 mm/min until 
the wire fractured. The distance between the gauge tapes was measured using the extensometer. 
 
 
Fig. 2-7 Schematic image of tensile test with pieces of gauge taps for using a video-type non-contact 
extensometer. 
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2.2.4 Observation of wires through SEM 
After the tensile test, the wire was cut 15 mm away from its fractured point. A piece of 
carbon tape was adhered onto the stage of the SEM (Hitachi Ltd., S2150). The wire before tensile 
testing and the cut wire after tensile testing (the fractured piece) were placed on the carbon tape such 
that the fractured point protruded 2–3 mm from the edge of the tape, as shown in Fig. 2-8. After 
observing the wires, the sample stage was removed from the SEM. The fractured piece was rotated 
90° around its own axis. The sample stage was replaced and the fractured piece was observed again. 
 
 
Fig. 2-8 Schematic image of preparation for SEM observation of fracture part of wire after tensile test. 
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2.3 Results 
The wire could be drawn to 0.042 mm ( = 4.70) in diameter under a reduction of area of 
14% and a back stress ratio of less than 5%. 
 
2.3.1 Tensile test 
a) Slippage at fastening between gripper and wire 
The relationship between the wire diameter d and the increment in the upper grippertape 
gap Lgt is shown in Fig. 2-9. The slippage for the 0.063-mm diameter wire was almost 0. The error 
bar indicates the measurement error caused by an artificial reading error. For the 0.296-mm diameter 
wire, the average slippage was 0.14 mm. Therefore, slippage at fastening between the gripper and wire 
was regarded as negligible although the wire slipped slightly owing to a large tension of the fastened 
wire. The wire can be fastened tightly in the fastened part. 
 
b) Friction force at contact part between the gripper and wire 
The relationship between stroke increment Ls and testing force F is shown in Fig. 2-10. 
Initially, the testing force increased with the stroke increment. Subsequently, the testing force became 
constant against the stroke increment.  
 
c) Cross-head bending in a universal testing machine 
The relationship between the stroke increment Ls and the measured stroke obtained by a dial 
gauge Ld without a wire is shown in Fig. 2-11. The curve was approximated with a primary straight 
line through the origin. A similar test was performed with a wire. The relationship between the 
maximum tensile load Fmax of the wire and the slope of the straight line as is shown in Fig. 2-12. The 
slope of the 0.063-mm diameter wire agreed well with the slope calculated without a wire. The slope 
for the 0.296-mm diameter wire was 0.02 smaller than that calculated without a wire.  
 
d) Loading–unloading curve 
The stroke increment Ls and testing force F curve of (a) a 0.063-mm diameter wire and (b) 
a 0.296-mm diameter wire during loading and unloading are shown in Fig. 2-13. The slope of the 
curve during loading agreed with the slope during unloading for the wire of diameter 0.063 mm at all 
elevated heights under 1.0 mm. The difference in slope caused by the elevated height was negligible. 
For the 0.296-mm diameter wire, the slope of the curve during loading was independent of the elevated 
height, and the slope observed during loading was different from the slope during unloading.  
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Fig. 2-9 Relationship between wire diameter d and increment in the upper grippertape gap Lgt. 
 
 
Fig. 2-10 Relationship between stroke increment Ls and testing force F. The weight with a clip was 
equipped on one end of a wire (diameter 0.063 or 0.296 mm) for testing. The weights were 5, 10, and 
20% of the tensile load of the wire. The other side of the wire was fastened by the lower gripper. 
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Fig. 2-11 Relationship between stroke increment Ls and measured stroke obtained by a dial gauge Ld 
without a wire. 
 
 
Fig. 2-12 Relationship between maximum tensile load Fmax of the wire and slope of the straight line 
as. The plots at 12 and 122 N of the maximum tensile load are for wires of 0.062 and 0.296 mm in 
diameter, respectively. 
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Fig. 2-13 Stroke increment Ls and testing force F curves of the (a) 0.063- and (b) 0.296-mm diameter 
wires during loading and unloading. The elevated heights were 0.25, 0.50, 0.75, and 1.0 mm. 
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e) Effect of chuck distance 
The stroke increment Ls and testing force F curve obtained for various initial chuck distances 
are shown in Fig. 2-14. The wire was fractured immediately after the maximum load was applied. The 
elongated lengths during local deformations were too small to measure.  
 
 
Fig. 2-14 Relationship between stroke increment Ls and testing force F curve of the 0.063-mm 
diameter wire. The chuck distances were 150, 200, 300, 400, 500, and 600 mm in length. 
 
 
f) Non-contact type video extensometer 
 The stroke increment Ls and testing force F curve, and the measured stroke obtained by the 
extensometer Le and testing force F curve of wires of 0.063, 0.093, 0.137, 0.217, and 0.444 mm in 
diameter are shown in Fig. 2-15. The significant difference in the shape of the curve was not shown. 
Figure 2-16 shows the stroke increment Ls and testing force F curve, and the measured stroke obtained 
by the extensometer Le and testing force F curve of a 0.042-mm diameter wire. It is clear from this 
figure that the stroke measured by the extensometer and the testing force curve was crooked for the 
wire. 
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Fig. 2-15 Relationship among testing force F, (a) stroke increment Ls, and (b) measured stroke by 
extensometer Le for the wires of diameters 0.063, 0.093, 0.137, 0.217, and 0.296 mm. 
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Fig. 2-16 Relationship among testing force F, (a) stroke increment Ls, and (b) measured stroke by 
extensometer Le for the wire with a diameter of 0.042 mm. The value in parenthesis represents the 
ratio of each stroke to the fractured stroke. 
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Images of the gauge tape tilt during tensile testing are shown in Fig. 2-17 at 0, 0.10, 0.41, 
and 0.74 mm of the stroke increment for the 0.042-mm diameter wire. The value in parenthesis 
represents the ratio of each stroke to the fractured stroke. Figure 2-17 (a) shows the intact photograph. 
In Fig. 2-17 (b), the guide line of this wire is drawn at the wire and white rectangles are drawn at the 
gauge tape to improve visibility. The crookedness shown in the curve is owing to the tilt of the gauge 
tape during tensile testing. 
 
 
Fig. 2-17 Image of the gauge tape tilts during tensile testing at (a) and (e) 0 mm, (b) and (f) 0.10 mm, 
(c) and (g) 0.41 mm, and (d) and (h) 0.74 mm of the stroke increment for the 0.042-mm diameter wire. 
The value in parenthesis represents the ratio of each stroke to the fractured stroke. The guide line of 
the wire was drawn at the wire and white rectangles were drawn at the gauge tapes to improve the 
visibility in (a)–(d). The photographs in (e)–(h) show the intact ones. 
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2.3.2 Observation of wires through SEM 
Samples of SEM images of (a) the wire before tensile testing and (b) the fractured piece 
after tensile testing are shown in Fig. 2-18. 
 
 
Fig. 2-18 Sample SEM images of drawn wires before tensile testing and broken portion after testing 
the wire of diameter 0.137 mm. 
 
 
2.4 Discussions 
2.4.1 Constant friction force during tensile testing. 
According to Fig. 2-10, an increased testing force may result in a transition from the static 
friction to kinetic friction state. Meanwhile, a constant testing force might imply a kinetic friction state. 
The kinetic friction force was calculated by subtracting the initial testing force from the testing force 
in the constant region mentioned above. The relationship between weight W and kinetic friction force 
fk is shown in Fig. 2-19. The kinetic force was proportional to the weight. Therefore, the kinetic force 
can be measured using this method. The results shown in Fig. 2-10 can thus be considered appropriate. 
The wire can be regarded as deformed to tensile direction uniformity in the contact part because the 
kinetic friction force was constant. 
 
2.4.2 Validity of regarding the stroke increment as extension 
As mentioned in Section 2.3.1 c), the slope for the 0.296-mm diameter wire was 0.02 smaller 
than that calculated without a wire as shown in Fig. 2-12. This difference of the slope would 
correspond to a 0.01-mm difference if the cross-head was elevated by 5 mm. The amount of cross-
head bending was 0.23% that of the elevated height of the cross-head. It can thus be stated that the 
amount of bending in the cross-head is negligible. 
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Fig 2-19 Relationship between weight W and kinetic friction force fk. 
 
2.4.3 Estimation method for the elongated length caused by applying the initial load to the wire 
It was possible to calculate the slope in the stroke range from 0 to 1 mm because the slope 
of the curve during loading was independent of the elevated height, as shown in Fig. 2-13. The stroke 
at 0 N, u0, was calculated using the slope a and the tensile load at 0 mm of stroke F0, as stated in Eq. 
(2-3). 
 
u0 = −
a
F0
 
 
For the 0.063-mm diameter wire, the measured stroke at a 0-N testing force was 0.082 mm. The 
stroke calculated by extrapolation was 0.087 mm. The maximum difference was 0.005 mm. Thus, 
the accuracy of this method for calculating the stroke at 0 N from the slope of the stroke increment 
and the testing force curve was verified. It is also noteworthy that the nonlinearity of the curve during 
unloading at the elevated heights of 0.75 and 1.0 mm might be due to the partial yielding of the wire 
during loading because the strokes of 0.75 and 1.0 mm are equivalent to 17% and 22% of the fractured 
stroke, respectively.  
From the above, the validity regarding stroke increment as an extension was clarified. In the 
case of applying the initial force, the stroke at 0 N was calculated using the slope in the range of 0 to 
1 mm. 
(2-3) 
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2.4.4 Calculation for uniform elongation and validity of using capstan-type grippers 
Uniform elongation eEL-uniform was calculated as shown in Eq. (2-4) because the stroke of 0 
N can be calculated. The symbol umax represents the stroke at the maximum tensile load. 
 
eEL-uniform =
umax − u0
150 + u0
× 100 
 
The uniform elongation of the wires of which the stroke increment and testing force curve are shown 
in Fig. 2-14 were calculated using Eq. (2-4). The relationship between the initial chuck distance Li and 
the uniform elongation eEL-uniform is shown in Fig. 2-20. The difference in uniform elongation caused 
by the chuck distance was not confirmed, even when the ratio of the contact part to the chuck distance 
decreased. Therefore, the wire would be elongated uniformly at both its contact and non-contact parts. 
In addition, as mentioned in Section 2.4.1 Constant friction force during tensile testing, this study 
confirmed that the wire can be deformed to tensile direction uniformity in the contact part because the 
kinetic friction force was constant. Thus, the uniformity of elongation is verified by the results shown 
in Fig. 2-19 and Fig. 2-20. Furthermore, the no-slippage of fastened part is verified in Section 2.3.1 a). 
Therefore, the validity of using capstan-type grippers can be clarified. 
Additionally, a previous work reported that tensile strength does not vary with the thickness 
of the tensile testing specimen, as shown in Fig. 2-21 [17, 18]. Thus, tensile strength will not vary with 
the ratio of square of the Sectional area of the specimen to the chuck distance. In other words, tensile 
strength will not vary with the chuck distance. Therefore, the results shown in Fig. 2-14 are valid.  
  
(2-4) 
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Fig. 2-20 Relationship between initial chuck distance Li and uniform elongation eEL-uniform of the 0.063- 
and 0.296-mm diameter wires. 
 
 
Fig. 2-21 Relationship among specimen thickness, tensile strength, and yield stress (0.2% proof 
strength and lower yield stress) for (a) pure iron [17] and (b) duplex stainless steel [18]. 
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2.4.5 Accuracy of uniform elongation 
The uniform elongation of the wires of which the stroke increment and testing force curve 
are shown in Figs. 2-15 and 2-16, respectively, were also calculated. The relationship between the wire 
diameter d and the uniform elongation eEL-uniform calculated by the stroke increment and measured 
stroke obtained by the extensometer is shown in Fig. 2-22. Except for the 0.042-mm diameter wire, 
the difference in uniform elongation for each diameter wire was 0.21% at the most. It can thus be 
stated that the uniform elongation calculated using the range over the contact part was highly similar 
to that calculated using only the non-contact part. This implies that the wire would be elongated 
uniformity at both its contact and non-contact parts similarly as that shown in Fig. 2-20. Meanwhile, 
the difference in the uniform elongations of the 0.042-mm diameter wire was large. Moreover, the 
standard deviation obtained by the extensometer was large. This is attributable to the difficulty in 
manipulating the fine wire to fasten to the grippers without its torsion. The wire would be fastened to 
the grippers with twist; subsequently, its torsion would be released thus causing the tilt of the gauge 
tape during tensile testing. This is a factor of the crookedness of the measured stroke by the 
extensometer-testing force curve. 
 
 
Fig. 2-22 Relationship between wire diameter d and uniform elongation eEL-uniform. Uniform elongation 
was calculated using a video-type non-contact extensometer and by cross-head stroke. 
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In the paragraphs above, the no-slippage at the fastened part, uniformity of the elongation 
condition, non-bending of the cross-head, and appropriate range of stroke increment to calculate the 
stroke as 0 N were verified, especially for the wire less than 0.1 mm. Subsequently, the validity of 
using capstan-type grippers and regarding the stroke increment as the extension was demonstrated. 
The estimation method for the elongated length caused by applying the initial load to the wire also 
clarified. Therefore, a nominal stress  and nominal strain  curve could be drawn using the stroke, as 
shown in Fig. 2-23. The maximum nominal stress increased with decreasing diameter because work 
hardening of the drawn wire was performed. This tendency was similar to the results reported by 
Zhang et al. [19], Goto et al. [20], and Fang et al. [21]. Therefore, the tensile strength and elongation 
will be measured well by regarding the stroke increment as the extension of the wire. 
 
 
Fig. 2-23 Nominal stress –nominal strain  curve calculated by reading the stroke increment as an 
extension. 
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Additionally, the slope of the stress–strain curves in the elastic region in Fig. 2-23 appears 
to increase with the drawing strain, similarly as reported in previous works, as shown in Figs. 2-24 (a-
i) and (a-ii) [20, 21]. However, other previous works clarified that the Young’s modulus does not 
increase with the drawing strain by the torsion pendulum method, as shown in Fig. 2-24 (b) [22]. In 
general, the axial residual stress distribution with an increase from the center to the surface is applied 
to the wire, as shown in Fig. 2-24 (c) [23]. For the tensile testing of the wire with these residual stresses, 
the yield of the vicinity of the surface proceeds subsequently to the vicinity of the center [24]. Thus, 
the yield phenomena will proceed with increasing strain during tensile test. Therefore, it is difficult to 
specify the Young’s modulus from the stress–strain curve. It is valid that the tendency shown in Figs. 
2-24 (a-i) and (a-ii) does not correspond to that in Fig. 2-24 (b). Previous works stated that the slope 
of radial strain distribution with an increase from the center to the surface for a fine wire was smaller 
than that for the wire with a diameter larger than approximately 0.2 mm, which is used at industrial 
sites [25] Meanwhile, residual stress possibly accumulates with increasing drawing strain. These 
phenomena will interact each other although it is difficult to specify the reason for the increasing slope 
of the stress–strain curve with increasing drawing strain. 
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Fig. 2-24 Figures explaining the increase in the slope of the stress–strain curves in the elastic region 
with increasing drawing strain: (a) stress-strain curve [20, 21], (b) relationship between total areal 
reduction and modulus of rigidity [22], and (c) non-dimension axial residual stress [23]. 
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2.4.6 Calculation for reduction of area 
As shown in Fig. 2-18 (a), a straight line lA is drawn along an outline of the wire on one side 
of the SEM image of the wire before tensile testing. The other straight line lB is parallel to lA, and is 
drawn along the outline on the other side. The straight center line lC is drawn directly between lines lA 
and lB. The distance between line lC and the outer lines lA and lB is considered to be the radius of the 
wire r0. Figure 2-18 (b) shows that the fractured piece contains a constricted portion when compared 
to the SEM image of the wire before tensile testing. A straight line lD is drawn along the outline of the 
wire on one side of the SEM image of the fractured piece after tensile testing. The other straight line 
lE is parallel to lD, and is drawn along the wire outline on the other side. The range, i.e., the straight 
line fitted to the outline of the wire, can be considered to be the uniform deformation portion. The 
range, i.e., the straight line that did not fit the outline of the wire, can be considered to be the local 
deformation portion. The straight center line lF is drawn directly between lD and lE. The distance 
between line lF and the outer lines lD and lE is considered to be the radius of the test sample in the 
region of uniform deformation r1. The straight line lG is parallel to lines lD, lE, and lF, and is drawn at 
the most constricted point. The distance between lines lF and lG is considered to be the radius of the 
fractured wire at its most constricted point r2. The wire deformed with a constant volume until the 
maximum tensile load was applied to the wire. The ratio of the cross-sectional area of the wire before 
tensile testing to the cross-sectional area once the maximum tensile load was applied to the wire was 
calculated using uniform elongation, as shown in Eq. (2-5).  
 
(
πr0
πr1
)
2
= 1 +
eEL-uniform
100
 
 
For the 0.063-mm diameter wire, the calculated ratio was 1.027 and the measured ratio was 1.024. For 
the 0.296-mm diameter wire, the calculated ratio was 1.029 and the measured ratio was 1.026. The 
difference between the calculated and measured ratios is negligible. The deformation of the wire 
during tensile testing until the maximum tensile load was applied to the wire could be regarded as 
geometrically and theoretically verified. Therefore, the range of the straight line that fits the outline of 
the wire can be regarded as the uniform deformation portion. The range of the straight line that does 
not fit the outline of the wire can be regarded as the local deformation portion. The reduction of area 
Ra can be calculated using the radius of the wire at the uniform deformation portion, the radius at the 
most constricted point, and the uniform elongation using Eq. (2-6).  
 
Ra = {1 − (
r2
r1
)
2
(1 +
eEL-uniform
100
)
−1
} 
 
(2-5) 
(2-6) 
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2.4.7 Validity of calculating reduction of area with SEM image of a fractured piece. 
The four values of the reduction of area Ra and the average of two 0.296-mm diameter wires: 
samples 1 and 2, are shown in Fig. 2-25. The averages were 67.1% and 62.7%, and the standard 
deviations were 1.9 and 1.8 for samples 1 and 2, respectively. The difference in averages was 4.4%.  
The eccentricity e can be calculated by Eq. (2-7). The parameters Dl and Ds are the long and 
short diameters of the oval, respectively.  
 
e = √1 − (
Ds
Dl
)
2
 
 
An eccentricity of 0 means a perfect circle. The circle is near a perfect circle when the eccentricity is 
close to 0. The eccentricity of a wire of diameter 0.296 mm as shown in Fig. 2-25 was 0.054 with 
regard to the maximum and minimum diameter, which were measured by an interferometer as Dl and 
Ds, respectively. The wire exhibited a high roundness. Thus, the results shown in Fig. 2-25 are valid. 
Therefore, the validity of the calculation for reduction of area using Eq. (2-6) with regard to the wire 
as a perfect circle is clarified.  
 
 
Fig. 2-25 Four values of reduction of area Ra and average of two 0.296-mm diameter wires with 
observations conducted from two directions. 
 
(2-7) 
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The ISO 6892-1 introduces the results where the reproducibility of measurement for the 
reduction of area ranged from approximately 2.7 to 5.6%. The difference in the reduction of area of 
4.4% is valid as the individual error. Meanwhile, the error of reduction of area using the SEM image 
of one fractured piece: the differences caused by the choice of the upper and lower pieces and the 
observation direction is 1.9%, which is small. Thus, the reduction of area can be calculated with a 
1.9% measurement error. Hence, the validity of the measurement method for reduction of area using 
the SEM image of one fractured piece is clarified. 
Because high carbon steel wires exhibit the highest tensile strength among the metal wires, 
the amount of cross-head bending under a high carbon steel wire will be larger than that shown by 
other metal wires. Therefore, the measurement method presented in this study can be applied to other 
metal wires less than 1 mm in diameter. However, it is necessary to confirm two points for each 
extremely fine or fragile wire. The first is whether the wire can be fastened by grippers under an initial 
load. The second is whether testing forces can be increased with an increasing stroke increment while 
a cross-head is elevated without slippage. 
 
2.5 Conclusions 
The tensile testing of high carbon steel wires of less than 0.296 mm in diameter was 
performed by applying an initial load ranging from 0.5 to 3 N to the wire. After testing, the fractured 
pieces were observed via SEM. The following conditions were subsequently clarified: 1) the validity 
of using capstan-type grippers, 2) the validity of regarding the stroke increment as the extension of the 
wire, 3) the estimation method for the elongated length caused by applying the initial load to the wire 
(the calculation accuracy of the stroke at 0 N from the slope of the stroke increment and the test force–
stroke curve), 4) the accuracy of elongation calculated by the stroke, and 5) the validity of the reduction 
of area calculation method using an SEM image of one fractured piece. From the above, simple, 
reliable, and accurate measurement methods for the elongation and reduction of area were developed. 
These methods could be applied to other metal wires less than 1 mm in diameter.  
 
1) Elongation can be measured as the ratio of the stroke at 0 N subtracted from the stroke at the 
maximum tensile load to the sum of the initial chuck distance and the stroke at 0 N. The maximum 
error observed in the uniform elongation calculation was 0.21%. The stroke at the 0-N testing 
force could be extrapolated using the slope of the stroke increment and the testing force curve. 
The stroke increment of the cross-head could be related to the extension of the wire. The slope 
could be calculated in the range of 0 to 1 mm of stroke. 
2) Reduction of area could be calculated using the radius of the wire at a uniform deformation 
portion, the radius at the most constricted point, and the uniform elongation. The measurement 
error was 1.9 %. The radius of the wire at the uniform deformation portion could be measured by 
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fitting straight lines to the wire outline on the SEM image. The radius at the most constricted 
point could be also measured by fitting straight lines to the most constricted point. 
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to-Hagané, 91-2 (2005) 265-271. 
[4] Y. Li, D. Raabe, M. Herbig, P. Choi, S. Goto, A. Kostka, H. Yarita., Segregation stabilizes 
nanocrystalline bulk steel with near theoretical strength, Phys. Rev. Lett., 113 (2014) 106104. 
[5] ISO 6982-1. Metallic materials  Tensile testing – Part1: Method of test at room temperature, 
(2016). 
[6] JIS Z2241 Metallic materials Tensile testing  Method of test at room temperature, (2011). 
[7] I. Ochiai, S. Nishida, H. Tahiro, Effect of metallurgical factors of strengthening of steel tire cord, 
Wire J. Int., 12 (1993) 50-61. 
[8] M. Zelin, Microstructure evolution in pearlitic steels during wire drawing. Acta Mater., 50 (2002) 
4431-4447. 
[9] R. Hyung, G. Eui, J. Won, Effect of alloying elements on work hardening behavior in cold drawn 
hyper-eutectoid steel wires, Mater. Sci. Eng. A, 449-451 (2007) 1147-1150. 
[10] G. Khatibi, R. Stickler, V. Gröger, B. Weiss, Tensile properties of thin Cu-wires with a bamboo 
microstructure, J. Alloys Compd, 378 (2004) 326–328. 
[11] JIS R3420. Testing methods for textile glass products, (2013). 
[12] Y. Li, P. Choi, S. Goto, C. Borchers, C. Raabe, R. Kirchheim, Evolution of strength and 
microstructure during annealing of heavily cold-drawn 6.3 GPa hypereutectoid pearlitic steel 
wire, Acta Mater., 60 (2012) 4005-4016. 
[13] JIS G1211. Iron and steel  Determination of carbon content. 
[14] JIS G1212. Iron and steel – Methods for determination of silicon content 
[15] JIS G1258. Iron and steel – ICP atomic emission spectrometric method. 
[16] Shimadzu Co., Accessories for universal tester instruments, C224-3493K. 
[17] T. Hirashima, M. Aramaki, M. Yamamoto, K. Yasuda, S., Munetoh, O., Furukimi, Effect of 
tensile test specimen thickness on deformation energy for duplex stainless steel, Tetsu-to-Hagané, 
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3. Establishment of an evaluation method for torsional properties 
3.1 Introduction 
In the previous chapter, simple and reliable tensile testing and measurement methods were 
introduced based on the uniform elongation and area reduction of a fine metal wire. The methods made 
it possible to measure the ductility of a fine metal wire easily. As mentioned in Section 1.8 
Measurement method for ductility of a fine metal wire, the ductility of a drawn high carbon steel wire 
can also be evaluated using a torsion test. 
In the torsion test, the wire is twisted in a specific rotational direction until it fractures. The 
rotation number at the fracture of the wire is called the torsion number, and it is used to calculate shear 
strain on the surface of the wire (circumferential shear strain). The torsional formability is evaluated 
based on the torsion number and fracture morphology. In turn, fracture morphology can be categorized 
in two types. The first is morphology that is associated with a normal fractured surface with smooth 
and flat aspect. The other is delamination. Delamination is characterized by the longitudinal splitting 
at the wire surface during the early stages of plastic torsional deformation [1]. Thus, compared to the 
torque–angle curve of the wire with a normal fractured surface, the applied torque decreases in the 
early stages of the torsion test of the delaminated wire [2], as shown in Fig. 3-1. 
 
 
Fig. 3-1 Examples of torque–angle curve responses. (Refer to [1]) 
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Many researchers focused on delamination and proposed different mechanisms associated 
with this morphological type [1-5]. For example, Bae et al. reported that an array of voids adjacent to 
globular cementite particles would constitute one of the possible origins of the process of delamination, 
and proposed the site for crack propagation [3]. Lefever et al. indicated that small voids (microcracks) 
were found within shear bands and that larger defects were present at the shear band intersections. 
Lefecer et al. also reported that these defects constituted the origin of delamination [4]. In this way, 
some researchers suggested that the origin of delamination could be attributed to the inner defects. 
Conversely, Tanaka et al. stated that delamination was a shear fracture that was generated by the 
concentration of local deformation during the torsion test [5]. Lee et al. indicated that the development 
of increased temperatures during the wire drawing process promoted the occurrence of delamination. 
Hence, an isothermal pass schedule during the wire drawing process was effective in preventing 
delamination [1]. Shimizu et al. explained that the occurrence of delamination depended on parameter 
K, which was determined according to the fiber texture, morphology of the ferrite layer, strain aging, 
and residual stress. Thus, decreases of the volume fraction of the ferrite phase and the lamellar spacing, 
and changes of the fiber texture from its circular type, were helpful in preventing delamination [2]. 
However, the mechanism associated with the occurrence of delamination has not been clarified yet, 
even if various researchers have already proposed different explanations [1-5]. 
Conversely, there are only a limited number of studies on torsional deformation and on the 
torsional number. One of these revealed a large variation in the torsional number [6]. This particular 
study attempted to clarify the reason for the variation in the torsional number. It was indicated that the 
wire twisted uniformly along the longitudinal direction at the beginning of the torsion test, and then 
the wire began to twist non-uniformly along the longitudinal direction after the spacing of the straight 
line which was drawn along the longitudinal direction in advance reached a certain value [7]. However, 
the reason for the variation in the torsion number has not been clarified in terms of to the torsional 
deformation in the longitudinal direction. This study focused on the relationship between the torsion 
number and torsional deformation in the longitudinal direction to clarify the reason for the torsion 
number variation. Therefore, the objectives of this chapter are the clarification of the phenomena of 
torsional deformation in the longitudinal direction and the proposition of a method for the evaluation 
of the torsional properties of a wire. 
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3.2 Experimental procedures 
3.2.1 Wire drawing 
The starting materials were the same as the materials described in Section 2.2.1 Starting 
materials. A wet-type drawing machine (Factory Automation Electronics Inc., D3ULT-10D) was used 
in this study. A wire could be drawn continually in five passes using this machine. The wires of 
diameter 0.444 mm were drawn to 0.060 mm under an areal reduction of 14% and a back stress ratio 
of 5%, as shown in Fig. 3-2. The die half angle was 7° and the bearing length was 30% of the 
internal diameter of the die. The lubricant was mineral l oil (Adeka Chemical Supply Cop., AFCO 
LUBE AL-590A). The final drawing speed was 500 m/min. The drawing strain  was calculated 
according to the relation 2ln(d0/dn). The symbol dn represents the diameter of the wire after the n-th 
pass. After the wire drawing process is completed, the diameters of the wires were measured with a 
laser interferometer (Zumbach Electronics AG., DU600-RO-OL). 
 
 
Fig. 3-2 Schematic image of wire drawing conditions. 
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3.2.2 Torsion test 
The diameters of the tested wire pieces were 0.060, 0.077, 0.097, 0.141, 0.209, 0.296, and 
0.444 mm, as shown in Table 3-1. A wire was placed along the center line of the sandwich-type 
grippers and was chucked by driving a screw, as shown in Fig. 3-3 (a). The ratio of the chuck distance 
between the grippers L to the diameter d (dimensionless chuck distance L*) ranged from 18.7 to 362 
including 100 (although JIS recommends the torsion test be performed under 100). The cross-section 
of the wire held between the grippers was maintained circular. The grippers were put into the pins of 
a torsion testing machine (Fuji Testing Machine Co., FJ-TOP), and were then fixed by driving a screw. 
Subsequently, the wire was rotated along a specific direction. The rotational speed was 10 rotations 
per minute (rpm). Fig. 3-3 (b) shows an electric circuit representing a simple equivalent model of the 
electrical structures of the torsion testing machine. The wire acted as a switch in the circuit. The flow 
of current thus allowed the motor to rotate. A driving motor allowed the rotation of the wire on its axis. 
After the wire fractured, the rotation of the motor stopped. Using the electrical equivalent model 
analogy, the motor stopped because the circuit was effectively switched off. The torsion number Nt 
was measured until the wire fractured. In effect, the torsion numbers were the numerical values 
displayed on the digital counter rounded to a second decimal place. The shear strain on the surface of 
the wire (circumferential shear strain) t was calculated by using Nt, as shown in Eq. (3-1). It referred 
to as the shear strain calculated from the torsion number. The parameters d and L indicates the wire 
diameter and the chuck distance between the grippers, respectively. 
 
𝛾t =arctan 
πdNt
L
 
 
Furthermore, torsion tests were performed with wires that had diameters equal to 0.077, 
0.097, 0.130, and 0.141 mm, and with the use of a torsion testing machine (Fuji Testing Machine Co., 
FTW-500mN) with a torque cell. The torque Ttand rotational angle were measured.  
 
Table 3-1 Wire drawing conditions. 
Diameter [mm] 0.444 0.296 0.208 0.141 0.097 0.077 0.060 
Pass number 0 5 10 15 20 23 26 
Drawing strain for each 
individual pass 
0.156 
Total drawing strain 0 0.81 1.51 2.28 3.04 3.51 3.99 
Back stress [N] 0 5.8 3.6 2.1 1.1 0.8 0.5 
Drawing speed [m/min] — 19 41 90 196 313 500 
 
(3-1) 
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Fig. 3-3 Schematic of (a) the torsion testing machine without a torque cell and photograph of the 
gripper, (b) equivalent electric circuit model of the electrical structures of the torsion machine in (a), 
and (c) the torsion testing machine with a torque cell. 
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3.2.3 Observation of wires through SEM 
A piece of carbon tape was placed on the stage of SEM. The as-drawn wire and the test 
pieces (fractured wires) were placed on the carbon tape so that the fractured points protruded by 23 
mm in length from the edge of the tape. The surfaces of the as-drawn wire and test pieces in the vicinity 
of the fractured wires were observed with SEM (Hitachi Ltd., S2150).  
Moreover, the aluminum foil on which spaced lines were drawn at 1 mm intervals with a 
ball-point pen was attached on the SEM stage, as shown in Fig. 3-4. The test pieces were placed on 
the carbon tape on the SEM stage so that the chucked point protruded by 2–3 mm in length from the 
edge of the tape. The surface of the long length specimen was observed at 1 mm intervals. The surface 
of the short length specimen was observed at 0.5 mm intervals. 
 
 
Fig. 3-4 Schematic of SEM stage used for the observation of the fractured sample in the torsion tests. 
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3.3 Results 
The wire could be drawn to a diameter of 0.060 mm ( = 3.99) under an areal reduction of 
14% and a back stress ratio of 5%. 
 
3.3.1 SEM images of specimens 
Figure 3-5 shows examples of the sides of the (a) as-drawn wire and test pieces in the vicinity 
of the (b)–(c) chucked part, and the (d) middle and (e)–(f) fractured part. Comparison of Fig. 3-5 (a) 
and (d) shows that the diameters of the as-drawn wire and test pieces were 61.9 m and 61.3 m, 
respectively, based on the diameter evaluation method using SEM images, as described in Section 
2.4.6 Calculation for reduction of area. The differences of the wire diameters before and after the 
torsion test were negligible. Many lines, including the scratches on the side of a typical test piece—
which were formed when the wire went through the die [as indicated in Fig. 3-5 (a)]—are shown to 
fit the function y = arctan x with regard to the radial (x) and longitudinal directions (y), respectively 
[as indicated in Fig. 3-5 (d)]. This is because the scratches on the side of the three-dimensional wire 
are projected on two dimensions. 
 
 
Fig. 3-5 Examples of SEM images of sides of (a) the as-drawn wire and test pieces in the vicinity of 
the (b)–(c) chucked points, (d) the middle, and in the vicinity of the (e)–(f) fractured points.  
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3.3.2 Torsion number 
Figure 3-6 shows examples of torque Tt–rotation angle  diagram. The differences of the 
elastic and plastic deformations are clearly shown in these plots. Figure 3-7 shows the torsion number 
per unit length N (= Nt / L) as a function of the inverse of the diameter of the wire d-1. The torsion 
number per unit chuck distance exhibited a large variation. In the case of the wires with diameters 
equal to 0.077 mm, approximately 10% of the test pieces underwent delamination fractures, as shown 
in Fig. 3-5 (f). Others test pieces fractured in accordance with a different mechanism and yielded 
smoother and flatter responses, as shown in Fig. 3-5 (e). For the wires with diameters equal to 0.060 
mm, approximately half of the number of test pieces underwent delamination fractures, while others 
fractured according to a different mechanism and yielded smoother and flatter responses. However, 
the torsion numbers per unit chuck distance for the test pieces that underwent delamination were not 
necessarily smaller than those of the test pieces that fractured normally, although Lee et al. reported 
that the torsional number of the wire that underwent delamination was smaller than that of the wire 
that underwent a normal fracture, and thus yielded a normal fractured surface [1]. Furthermore, the 
ratio of the number of wires which fractured at their middle parts along the longitudinal direction to 
the total number of wires was equal to 52.8%. 
 
 
Fig. 3-6 Example torque Tt –rotation angle  diagram of a wire with a diameter of 0.077 mm. 
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Fig. 3-7 Torsion number per unit length N as a function of the inverse of the wire diameter d-1. 
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3.4 Discussions 
3.4.1 Definition of the edge of the chucked part 
It is clear that the part that was chucked with the use of the grippers did not remain within 
the round-shaped part which was formed owing the wire drawing process. Figure 3-8 (a) is the same 
as Fig. 3-5 (b) and shows the side of the specimen in the vicinity of the chucked part. The boundary 
between the round-shaped part which remained and the deformed part is drawn as shown in Fig. 3-8 
(b). The slope of the scratches on the surface in the part that underwent torsion is larger than that in 
chucked part, as shown in Fig. 3-8 (c). Therefore, the position of the top of the curve drawn in Fig. 3-
8 (c) was defined as the edge of the chucked part. 
 
 
Fig. 3-8 Examples of SEM images of the sides of the chucked part (a) without and (b) with the guide 
line of the edge of the chucked part. (c) SEM image at higher magnification showing the yellow lines 
drawn along the directions of the scratches on the surface of the tested part. 
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3.4.2 Calculation of shear strain from SEM image 
A straight line lA was drawn along the outline of the wire on one of its sides on the SEM 
image, as shown in Fig. 3-9. The other straight line lB runs parallel to lA and is drawn along the outline 
of the other wire side. The straight center line lC is drawn directly in the middle between lines lA and 
lB. In the vicinity of the center of the wire, the straight line lD is drawn along one of the scratch lines 
on the side. The intersection point of lines lC and lD is defined as point O. The intersection of line lC 
and the line lE which passes through O is defined as point A. The intersection of the lines lB and lD is 
defined as point B. The distances between O and A, and between A and B, were referred to as w and 
h, respectively. Therefore, the shear strain measured from SEM image was calculated according to 
Eq. (3-2). In particular, the shear strain measured from SEM image at the fracture point f was 
calculated according to Eq. (3-3) by drawing the straight lines lAf, lBf, lCf, lDf and lEf, as shown in Fig. 
3-9 (b). 
 
γ =arctan 
w
h
 
γ
f
=arctan 
wf
hf
 
 
 
Fig. 3-9 Examples of SEM images of the sides of the middle and fractured parts shown in Fig. 3-5 (d) 
and (e). The shear strain can be calculated using the parameters h and w. Auxiliary lines lA, lB, lC, lD, 
and lE, are drawn to measure h and w. Auxiliary lines lAf, lBf, lCf, lDf, and lEf were drawn to measure hf 
and wf. 
 
  
(3-2) 
(3-3) 
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3.4.3 Shear strain in the vicinity of the fractured part 
Figure 3-10 shows the shear strain measured from the SEM images at the fractured point f 
as a function of the shear strain calculated from torsion number t for the wire which had a diameter 
of 0.060 mm. Plots colored in white and gray show the shear strains of the wire that underwent cross-
sectional fracture and delamination, respectively. Plots with circular and triangular symbols show the 
fractures at the middle of the length and at the chucked parts (edge) of the test pieces, respectively.  
 
 
Fig. 3-10 Shear strain measured from SEM images at the fractured part gf as a function of shear strain 
calculated from torsion number t for the wire which had a diameter of 0.060 mm. The dashed line 
indicates that the shear strain measured from the SEM images agreed with that calculated from the 
torsion number (the shear strain distribution of which samples are indicated by the arrows are shown 
in Fig. 3-11). 
 
 
Some plots are close to the line, which indicates that t =f. The same tendencies were 
obtained for wires with different diameters. It was considered that the plots which were close to the 
line were associated with a more uniform specimen deformation in the longitudinal direction. 
Conversely, the plots which were far from the line were associated with non-uniform specimen 
deformations. Figure 3-11 shows the shear strain distributions in the longitudinal direction for the wire 
whose plots are close to and far from the line and are indicated in Fig. 3-10. The horizontal and vertical 
axes respectively show the dimensionless chuck distance L* and the shear strain measured from the 
SEM image . 
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Fig. 3-11 Shear strain distributions in the longitudinal direction of the wire with a diameter of 0.060 
mm. The horizontal and vertical axes respectively show the dimensionless chuck distance L* and the 
shear strain measured from the SEM image . The solid line shows the shear strain calculated from the 
torsion number t. The dashed line shows the plastic shear strain calculated by integrating distribution 
pi. The dot-dash line shows the fractured position. 
 
 
The shear strain at fracture was larger than that at other parts. It was considered that the 
specimen was deformed non-uniformly in the longitudinal direction. The shear strain calculated from 
the torsion number t was slightly larger than the shear strain measured from the SEM images  except 
for the fractured part. This was owing to the spring back effect. It is considered that the shear strain 
calculated from the torsion number t evaluated the total strain, but the shear strain measured from the 
SEM image  evaluated only the plastic strain. This is because elastic strain is released by the spring 
back effect. The plastic shear strain pi was calculated by integrating the shear strain distribution shown 
in Fig. 3-11. The parameter pi was referred as the plastic strain calculated by integrating distribution. 
In Fig. 3-11, it is considered that the plot is closer to a straight line of the plastic shear strain with 
decreasing the degree of non-uniformity of the wire. In other words, it is considered that the strain 
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distribution homogenized with decreasing the difference between the shear strain measured from the 
SEM image at fracture f and the plastic shear strain pi. Nevertheless, the shear strain distribution 
between the wires with normal fracture and delamination is not significant. 
Figure 3-12 shows the relationship between the plastic shear strain calculated by integrating 
distribution pi and the difference ft (= f t)between the shear strain measured from SEM image at 
the fractured part f and the shear strain calculated from torsion number t. The relationship between 
the relationship between the plastic shear strain pi and the difference of shear strains ft was 
calculated using the least-squares method. Then, the plastic shear strain pc of other samples which 
had diameters equal to 0.060 mm were calculated with the use of Eq. (3-4) which is acquired by the 
least-squares method. 
 
γ
pc
= − 0.7112∆γ
ft
+0.6536 
 
 
 
Fig. 3-12 Relationship between the shear strains difference ft (= f t) (difference between the shear 
strain measured from SEM image at the fractured part f and the shear strain calculated from torsion 
number t) and the plastic shear strain calculated by integrating distribution pi. The straight line for 
calculating shear strain of the other samples pc = 0.7112ft +0.6536 was calculated by the least- 
squares method. The parameter pc also indicates the plastic shear strain. 
  
(3-4) 
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Figure 3-13 shows the relationship between the difference fpc (= f pc) between the shear 
strain measured from SEM images at fracture f and the plastic shear strain pc and the plastic shear 
strain pc. The tendency that the plastic shear strain pc increases as the strain difference fpc decreases 
was obtainedTherefore, it is considered that the large variation of the torsion number is owing to the 
non-uniformity of the torsional deformation in the longitudinal direction. Furthermore, the shear strain 
at fpc= 0 can be regarded as the intrinsic shear strain i. The relationship between the strain 
difference fpc and the plastic shear strain i can be expressed by the least-squares method using the 
coefficients C1 and C2, as shown in Eq. (3-5). Therefore, the intrinsic shear strain i can be calculated 
by Eq. (3-6). The intrinsic shear strain i of the wire with a diameter of 0.060 mm was 0.70. 
 
∆γ
fpc
 = C1𝛾𝑝 + C2 
𝛾i= −
C1
C2
 
 
 
Fig. 3-13 Relationship between the shear strains difference fpc (= f pc) (differene between the 
shear strain measured from SEM images at fracture f and the plastic shear strain pc) and the plastic 
shear strain pc for a wire with a diameter equal to 0.060 mm. The parameter i is the intrinsic shear 
strain. 
 
  
(3-5) 
(3-6) 
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Figure 3-14 shows the relationship between the difference fpc (= f pc) between the shear 
strain measured from SEM images at fracture f and the plastic shear strain pc and the ratio of chuck 
distance to the wire diameter Ld-1. The shear strain difference does not depend on the dimensionless 
chuck distance, shown in Fig. 3-14. Thus, the evaluation method of the torsional properties can be 
applied under various dimensionless chuck distances, including 100d. 
 
 
Fig. 3-14 Relationship between the shear strains difference fpc (= f pc) (difference between the 
shear strain measured from SEM images at fracture f and the plastic shear strain pc) and the ratio of 
chuck distance to the wire diameter Ld-1. 
 
 
3.5 Conclusions 
In this chapter, the phenomena of torsional deformation in the longitudinal direction were 
clarified, and an evaluation method was proposed to evaluate the torsional properties of a wire. The 
following are the inferred conclusions. 
 
1) There was a degree of shear strain non-uniformity in the longitudinal direction. The shear strain 
distribution in the longitudinal direction homogenized by decreasing the difference between the 
shear strain at the fractured part and the plastic shear strain 
2) When the shear strain at the fractured part corresponded to the plastic shear strain, the shear strain 
was equivalent to the intrinsic shear strain. 
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4. Mesoscale structure of a drawn fine high carbon steel wire 
4.1 Introduction 
The introduction of a large strain into metallic materials is effective for fabricating even 
stronger materials, despite the decrease in the ductility of the material. Therefore, clarification of the 
effective microstructure for high ductility is required, as an objective. To achieve this objective, it is 
necessary to clarify 1) the microstructure and mechanical properties, and 2) the relationship between 
the microstructure and mechanical properties. 
The introduction of a large strain by wire drawing, i.e., the fabrication of a finer wire, is a 
prerequisite for fabricating significantly stronger materials. However, the slope of the radial strain 
distribution with an increase from the center to the surface for a fine wire is smaller than that for a 
wire with a diameter exceeding approximately 0.2 mm, which is commonly used at most industrial 
sites [1]. Therefore, the fine wire may have different microstructure and mechanical properties from 
that of a wire with a diameter greater than 0.2 mm, although previous works mentioned the 
microstructure and mechanical properties of the wire with a diameter larger than 0.2mm [2-27]. 
However, the microstructure and mechanical properties of drawn wires smaller than 0.2 mm in 
diameter have not been elucidated due to the difficulty in drawing a fine wire using a slip-type drawing 
machine (which is commonly used at industrial sites), and measuring the ductility of a fine wire based 
on existing testing methods for thick wires. 
In this study, the first point can be clarified: a fine wire can be drawn by a non-slip type 
drawing machine [28] as introduced in Section 1.5 Continuous wire drawing and shown in Chapter 2 
Establishment of a tensile testing method and measurement methods for ductility. Furthermore, the 
measurement methods for ductility: uniform elongation, reduction of area, and torsional properties are 
also established as mentioned in Chapter 2 Establishment of a tensile testing method and measurement 
methods for ductility and Chapter 3 Establishment of an evaluation method for torsional properties. 
Therefore, the first part of the objective can be achieved. 
However, it is difficult to relate the mechanical properties (averaged information evaluated 
through the length of the wire) to the microstructure with a scale of several angstrom to tens of 
nanometers (very localized information). Hence, the second part of the objective is more difficult to 
clarify. This study focuses on the fiber texture, which has not been discussed in depth. The aggregation 
of fiber texture is defined as the “mesoscale structure.” The mesoscale structure plays the role of a 
mediator between the microstructure, which is local information, and the mechanical properties, which 
are average information. Furthermore, this study also focuses on the effect of back tension on the 
mesoscale structure, microstructure, and mechanical properties of the drawn wire, because controlling 
the back tension might be able to provide different microstructure and mechanical properties even if 
the same drawing strain is introduced into the wire. The organizing microstructure and mechanical 
properties in each mesoscale structure can also clarify the relationship between the microstructure and 
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mechanical properties. 
Previous investigations reported the crystal orientation and fiber texture of a drawn high 
carbon steel wire as follows. Typically, the {111}<110> fiber texture is mainly formed during drawing 
of a steel wire [29]. The {112}<110> and {110}<110> fiber textures are formed at the outer and inner 
sides of the wire, respectively [23]. The intensity of the <110> fiber texture at the outer side is lower 
than that at the inner side [24]. Furthermore, the difference in the crystal orientation in a ferrite phase 
layer was analyzed by TEM [8]. However, the range at which each fiber texture dominates was not 
thoroughly clarified. On the other hand, the crystal orientation of pearlitic steel wire was analyzed 
with high accuracy by EBSD, which has progressed significantly in a recent publication [30]. 
Therefore, EBSD may be suitable to clarify the mesoscale structure, which is characterized by the 
fiber texture.  
The objective of this chapter is to clarify the mesoscale structure of a drawn wire under 
various back tensions based on the fiber texture by EBSD analysis. 
 
4.2 Method 
4.2.1 Wire drawing 
The starting materials were the same as the materials described in Section 2.2.1 Starting 
materials. The areal reduction for one pass Ren and back stress ratio BTn were defined for the n-th 
pass (n = 0, 1, …, 25). These definitions and the drawing machine used in this study were the same as 
those stated in Section 3.2.1 Wire drawing. Wires of 0.444 mm in diameter were drawn to 0.063 mm 
under an areal reduction of 14% and back stress ratios of 5%, 30%, and 50 % as shown in Fig. 4-1. A 
wide range of the back stress ratio would allow changes to the stress and strain states and the crystal 
orientation. However, it would not be safe for the operator if the wire drawing were to stop for some 
reason, as the wire will fracture and the die can fly loose at speed and inflict injuries. Therefore, the 
back stress ratio was varied over as wide a range as possible to reliably and safely draw the wire. The 
die half angle was 7° and the bearing length was 30% of the internal diameter of the die. The lubricant 
was mineral l oil (Adeka Chemical Supply Cop., AFCO LUBE AL-590A). The final drawing speed 
was 500 m/min. After wire drawing, the diameters of the wires were measured with a laser 
interferometer (Zumbach Electronics AG., DU600-RO-OL). 
 
4.2.2 Crystal orientation analysis 
The sample for crystal orientation analysis was prepared as shown in Fig. 4-2, wherein RD, 
TD, and ND denote the drawing direction, width direction of the plane, and normal direction, 
respectively. The sample wires were 7 mm in length and were placed on double-sided tape which was 
adhered onto a plate. The wires were then enclosed with a cup for embedding, and embedded in 
electrically conductive resin and powders. After the resin had hardened, the longitudinal area of the  
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Fig. 4-1 Schematic image of wire drawing conditions. 
 
 
 
Fig. 4-2 Representative SEM image of the exposed surface of a fine drawn high carbon steel wire after 
polishing a longitudinal area. The parameter ws is the width of the exposed sample surface. The 
directions RD, TD and ND indicate the drawing direction, width direction of the plane, and normal 
direction, respectively. 
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wire was polished so that the polished surface would be as close to the center axis as possible. The 
samples were polished by Ites Co., Ltd. The width of the exposed sample surface ws (in Fig. 4-2) after 
polishing was larger than 96% of the diameter of the wire. Kikuchi patterns of the drawn wire were 
obtained by field emission-scanning electron microscopy (FE-SEM) (Carl Zeiss AG., Ultra Plus) with 
EBSD (Bruker Co., XFlash 6130). Electrons were beamed on a material, following which several 
electrons except those transmitted, were emitted, as observed by SEM [31] (Fig. 4-3). The EBSD 
measurement method uses backscattered electrons, which draw Kikuchi patterns. The crystal 
orientation of the material is decided based on the Kikuchi patterns. 
Subsequently, pole figures were drawn with analysis software (Bruker Co., ESPRIT 2.1). 
The analysis area was separated into several areas, each with a width of 520 m, from the center to 
the surface, as shown in positions 1 and 2 in Fig. 4-2. One analysis area at position 1 includes the 
center of the exposed sample surface. The area of position 2 does not include the center, as shown in 
Fig. 4-2. Two different positions were thus analyzed to reduce the error in the thickness of the fiber 
texture. 
 
 
Fig. 4-3 Schematic image of incident and emitted electrons in SEM apparatus. 
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4.2.3 FEM analysis 
FEM analysis was performed using software (Dassault systèmes  S. E., Simula 
Abaqus/CAE 6-14) to analyze the stress and strain distribution during three passes for wire drawing 
under an areal reduction of 14% and back stress ratios of 5 and 50%. A two-dimensional axis symmetry 
model was employed as shown in Fig. 4-4. The element of the wire was a two-dimensional four-node 
elastoplastic body. The size of the mesh division was one-tenth of the radius of the wire. The die was 
a rigid body. A three-in-one unit die model was created to simplify the model. Conditions of the FEM 
analysis are shown in Tables 4-1 and 4-2. The distributions of each stress component, equivalent stress, 
each strain component, and equivalent plastic strain were calculated at the approach, bearing, and exit 
side, as shown in Fig. 4-4. 
 
 
Fig. 4-4 FEM model for three pass-continuous wire drawing. 
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Table 4-1 FEM analysis conditions for wire model 
Initial diameter [mm] 0.444 
Initial length [mm] 4 
Young’s modulus [GPa] 210 
Poisson ratio 0.3 
Work-hardening exponent 0.20 
True stresstrue strain 
13 values of true strain were extracted from the true stress-
true strain curve measured by tensile testing.  
(Inputting values is default type) 
 
 
Table 4-2 FEM analysis conditions for die model 
Approach angle [°] 5 
Bearing length [mm] 
3
8
dn-1 
Exit angle [°] 10 
 
 
4.3 Results 
4.3.1 Drawing experiment 
Figure 4-5 shows the relationship between the limit strain of wire drawing lim and back 
stress ratio BT. The wire could be drawn to 0.063 mm ( = 3.90) in diameter under the back stress 
ratio of 5%. The wire might be drawn further with a larger strain. On the other hand, wires could be 
drawn to 0.075 mm ( = 3.56) and 0.100 mm ( = 2.98) in diameter under back stress ratios of 30% 
and 50%, respectively. In this way, decreasing back stress ratio increases the limit strain of wire 
drawing. Moreover, increasing the back stress ratio promoted the reduction of the drawn wire diameter. 
The diameters of the drawn wires under the back stress ratio of 50% were at most 0.4% smaller than 
under the back stress ratio of 5%. 
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Fig. 4-5 Relationship between the back stress ratio BT and the limit strain of wire drawing lim. 
 
 
4.3.2 Crystal orientation analysis 
Figure 4-6 shows the pole figures of the ferrite and cementite phases analyzed along the 
entire polished surface of the wire. The {110} pole figures of a ferrite phase show that a <110> fiber 
texture is increasingly formed with increasing drawing strain. On the other hand, the pole figures of a 
cementite phase show that fine cementite grains have rotated rigidly on a certain axis. Figures 4-7 and 
4-8 show the pole figures of the ferrite phase analyzed in several areas of the wires. Similar to the pole 
figures obtained along the entire surface, the {110} pole figures show that the <110> fiber texture is 
increasingly formed with increasing drawing strain. The peak positions of the {100} and {111} pole 
figures analyzed in the vicinity of the center of the wire appear different from those at the surface. 
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Fig. 4-6 Pole figures of ferrite and cementite phases analyzed throughout the polished surface of wires 
drawn under back stress ratios BT of 5% and 50%. 
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Fig. 4-7 Pole figures of the ferrite phase analyzed at several areas of wires with diameters of (a) 0.296 
mm, (b) 0.218 mm, (c) 0.137 mm, (d) 0.092 mm, and (e) 0.063 mm drawn under a back stress ratio 
BT of 5%. The parameter  indicates the drawing strain. (Part 1) 
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Fig. 4-7 Pole figures of the ferrite phase analyzed at several areas of wires with diameters of (a) 0.296 
mm, (b) 0.218 mm, (c) 0.137 mm, (d) 0.092 mm, and (e) 0.063 mm drawn under a back stress ratio 
BT of 5%. The parameter  indicates the drawing strain. (Part 2) 
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Fig. 4-8 Pole figures of the ferrite phase analyzed at several areas of wires with diameters of (a) 0.296 
mm, (b) 0.216 mm, (c) 0.136 mm and (d) 0.099 mm drawn under a back stress ratio BT of 50%. The 
parameter  indicates the drawing strain. 
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4.3.3 FEM analysis 
Figure 4-9 shows the axial stress zz distribution of the wire at the exit side against 
dimensionless radius r*. Figure 4-10 shows the axial residual stress zz-res distribution of the wire after 
each pass against dimensionless radius r*. The drawing force Ffn of each pass was calculated by the 
substitution axial stress zz at the exit side during wire drawing, using Eq. (4-1). The symbol m is the 
number of meshes, counted from the most central mesh. The parameter rm is the sum of the side length 
of the mesh from 0th to m-th.  
 
Ffn = ∑ 𝜋(rm
2 − 𝑟m−1
2)𝜎zz
10
m=1
 
 
 
 
Fig. 4-9 Axis stress zz of the wire at the exit side of the die against the dimensionless radius r* during 
wire drawing. 
  
(4-1) 
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Fig. 4-10 Axis residual stress zz-res of the drawn wires under back stress ratios BT of 5% and 50% 
against the dimensionless radius r* for (a) first, (b) second, and (c) third passes. 
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Figure 4-11 compares the measured and calculated drawing forces. The drawing force at the 
second pass is not shown in Fig. 4-11, as it could not be measured due to failure in the load calibration 
of the non-slip type drawing machine. Straight lines were drawn by the least squares method. The 
calculated drawing force nearly agreed with the measured drawing force; thus, the validity of this 
model was confirmed. Figure 4-12 shows the shear stress rz distribution during wire drawing at each 
pass. Figure 4-13 shows the shear stress rz distributions against the dimensionless radius r* = rs / r0 
at the approach part and bearing part for each pass. Here, r0 and rs are the radius of the as-drawn wire, 
and the distance between the center axis of the model and the center of the m-th mesh. Typically, the 
shear stress at the approach part is directed opposite to the direction of wire drawing. On the other 
hand, the shear stress at the bearing part is directed along the direction of wire drawing. Shear stress 
in the drawing direction is applied to the model at the bearing part. The absolute value of shear stress 
in the vicinity of the center of the model is smaller than that in the vicinity of the surface. Furthermore, 
the difference in the shear stress in the vicinity of the center of the model at the approach part of the 
third pass is due to the back stress ratio. Increasing the back stress ratio decreases the absolute value 
of the shear stress. 
 
 
Fig. 4-11 Comparison of the drawing force Ff as measured by wire drawing experiment and calculated 
by FEM simulation for the first and third passes.  
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Fig. 4-12 Shear stress rz distribution of the wire of (a) first, (b) second, and (c) third passes for a 
back stress ratio BT of 5% and (d) first, (e) second, and (f) third passes for a back stress ratio BT of 
50%. 
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Fig. 4-13 Shear stress rz of the wire of (a) first, (b) second, and (c) third passes at the approach part 
and (d) first, (e) second, and (f) third passes at the bearing part against the dimensionless radius r* for 
the drawn wire under back stress ratios BT of 5% and 50%. 
 
 
4.4 Discussions 
Previous works mentioned that cementite layers are fragmented into nanoscale grains 
followed by rigid rotation of the grains [10]. Pole figures show the tendency of their rotation, in Fig. 
4-14. However, at that time, the results from the pole figure of cementite could not be examined 
quantitatively. On the other hand, the peak positions of the {100} and {111} pole figures of the ferrite 
phase differed depending on the analyzed areas. Therefore, it is sufficient to consider the crystal 
orientation of the ferrite phase, in order to discuss the mesoscale structure. 
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Fig. 4-14 Schematic images of (a), (b) rigid rotation of cementite and (c) pole figure of rigid rotated 
cementite. 
 
 
4.4.1 Definition of “high intensity crystal orientation” 
The intensity of the pole figure shows the level of arrangement of crystal orientation. The 
intensity is 1 in the case of random orientation. The maximum intensity of the pole figures increase 
with increasing drawing strain, as shown in Figs. 4-7 and 4-8. Different criteria for “high intensity 
crystal orientation” in drawing strain should be determined, because the level of intensity varies with 
the drawing strain. A previous work reported that a fiber texture is formed by a drawing strain of 1.5 
[29]. Hence, the criterion for “high intensity crystal orientation” should be based on whether the 
drawing strain is lower than or exceeds 1.42.  
When the drawing strain exceeds 1.42, a crystal orientation with an intensity larger than 6 
is defined as a “high intensity crystal orientation.” This is because the average intensity of the {111} 
pole figure for each analyzed area was 6 for wires with a drawing strain of 1.42 in this study (Figs. 4-
5 and 4-6). Here, the intensity of the {111} pole figures is referred to, and not those of the {100} or 
{110} pole figures, as the patterns of the {111} pole figures are clearer than those of the others. On 
the other hand, when the drawing strain is lower than 1.42, the crystal orientation with the strongest 
peak is defined as the “high intensity crystal orientation.” 
 
4.4.2 Decision of {hkl}<uvw> 
The vertical planes along the radial direction and parallel to the drawing direction were 
expressed as {hkl} and <uvw>, respectively. Then, the high intensity crystal orientation at each 
analyzed area was expressed by {hkl}<uvw>. Figure 4-15 shows pole figures of the ferrite phase 
analyzed at several areas of the 0.218 mm-diameter wire under a back stress ratio of 5%. The 
orientation {hkl}<uvw> was determined using the free software from ReciPro ™ (Kobe University). 
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At the most outer side of the wire, peaks of the {110} and {111} pole figures could be expressed at 
positions pa, pb, and pc on stereographic nets. When the peak of {100} was placed at position pa, it was 
clear that {hkl}<uvw> was {110}<110>. Similarly, when the peaks of {111} were placed at positions 
pb and pc, {hkl}<uvw> was {112}<110>.  
Figure 4-16 shows the high intensity crystal orientation distributions of the wire for typical 
orientations of {100}, {112}, {111}, {221}, and {110}. The solid lines show the radius of the wire r0 
= 0.222 exp(/2). It is necessary to categorize the crystal orientation to some groups in order to 
decide the mesoscale structure. In this study, the crystal orientation distribution could be 
categorized into three groups, (A), (B), and (C) systemically, without a theory. Group (A) includes 
{110} and {221}. Group (B) includes neither {110} nor {221} but {111}. Group (C) includes neither 
{110} nor {221}, but {100} and {112} as shown in Fig. 4-16. 
 
 
Fig. 4-15 Pole figures of the ferrite phase analyzed in several areas of the 0.218 mm-diameter wire 
under a back stress ratio BT of 5%. 
  
100 
 
 
Fig. 4-16 Crystal orientation distributions against distance from the center of drawn wires r under back 
stress ratios BT of (a) 5% and (b) 50%, and (c) categories of fiber textures. The solid lines in (a) and 
(b) show radius of the wire r0 = 0.222 exp(/2), which is calculated geometrically. 
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4.4.3 Validity of crystal orientation based on Schmid’s law 
To examine the validity of the high intensity orientation, the relationship between the two-
dimensional stress state during wire drawing and a stable crystal orientation was discussed based on 
Schmid’s law, as shown in Fig. 4-17. The slip system with the maximum Schmid factor is the most 
active slip system and contributes to plastic deformation (rotation of crystal). In this chapter, two-
dimensional tensile and compressive stress states are assumed in order to calculate the Schmid factor 
easily. The angles between the tensile direction and slip direction, between the tensile direction and 
the normal direction of the slip plane, between the compressive direction and slip direction, and 
between the compressive direction and normal direction were defined as T, T, C, and C, 
respectively. Thus, the Schmid factor fs can be calculated by Eq. (4-2).  
 
f
s
=cos
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cos
T
− cos
C
cos
C
 
 
Furthermore, the tensile, compressive and slip directions, and the normal direction of the slip plane 
were expressed as [UTVTWT], [UCVCWC], [uvw], and [hkl], respectively. The Schmid factor fs can also 
be calculated by Eq. (4-3). 
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All the primary slip systems of iron {110}<110> are shown in Fig. 4-17 (b). The absolute value of the 
maximum Schmid factor of the primary slip systems is 0.816, assuming that the tensile direction is 
[110] and compressive direction is [001]. The slip systems with a Schmid factor of 0.816 are 
combinations of (011), (01̅1̅) and [1̅1̅1], [111̅], combinations of (101̅), (1̅01) and [111], [1̅1̅1̅], 
combinations of (101), (1̅01̅) and [1̅1̅1], [111̅], and combinations of (011̅), (01̅1) and [111], [1̅1̅1̅]. 
They are denoted in bold in Fig. 4-17 (b). The rotational directions of the slip systems with a 
combination of (011), (01̅1̅) and [1̅1̅1], [111̅] and combination of (101̅), (1̅01) and [111], [1̅1̅1̅] are 
contrary to each other. The rotational directions of the slip systems with a combination of (101), (1̅01̅) 
and [1̅1̅1], [111̅] and combination of (011̅), (01̅1) and [111], [1̅1̅1̅] are also contrary to each other. 
Therefore, {111}<110> is obtained as a stable crystal orientation [32].  
Similarly, the absolute value of the maximum Schmid factor of the second slip system 
{112}<111> was 0.943, assuming that the tensile direction was [110] and compressive direction was 
(4-2) 
(4-3) 
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[001]. Slip systems with a Schmid factor of 0.943 are combinations of (112) and [ 1̅1̅1], [111̅], 
combinations of (112̅) and [111], [1̅1̅1̅], combinations of (1̅2̅1) and [1̅11], [11̅1̅], and combinations of 
(2̅11) and [1̅11], [11̅1̅]. They are denoted in bold in Fig. 4-17 (c). The rotational directions of slip 
systems with a combination of (112) and [1̅1̅1], [111̅], and combination of (112̅) and [111], [1̅1̅1̅], are 
contrary to each other. Therefore, {110}<110> is obtained as a stable crystal orientation. 
When applying a large shear stress to a wire, a crystal lattice turns on its <110> axis, so that 
the third slip system {123}<111> responds to the shear stress [32]. Subsequently, the stable orientation 
{100}<110> is acquired. Thus, stable orientations from {111}<110> to {110}<110>, in groups (A) 
and (B), were acquired for a small shear stress state, at the inner side of the wire. On the other hand, 
in group (C), stable orientations {100}<110> and {112}<110>, which are close to {100}<110>, were 
acquired for a large shear stress state, at the outer side of the wire. Actually, FEM analysis showed 
that the absolute value of shear stress in the vicinity of the center of the model was smaller than 
that in the vicinity of the surface, as mentioned in Section 4.3.3 FEM analysis. Hence, it can be 
said that the crystal orientation in each position is valid in the view of the stress state. 
Notably, for a low carbon steel wire, a {111}<110> fiber texture is primarily formed 
during wire drawing [29]. In addition, this crystal orientation rotates on the <110> axis, which is 
parallel to the drawing direction, following which two types of the {111}<110> fiber texture are 
formed at the outer layer of the drawn wire [32]. In this study, not only {111}<110>, but also 
other stable crystal orientations were acquired. This difference of acquired stable orientations 
between previous work and this study is due to the introduction of a large strain in the wire and 
the complex microstructure, compared with the microstructure in the previous work. 
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Fig. 4-17 Relationships among (a) two-dimensional stress state during wire drawing, (b) primary 
slip systems, (c) secondary slip systems, and (d) third slip systems discussed based on Schmid’s 
law. (Part 1) 
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Fig. 4-17 Relationships among (a) two-dimensional stress state during wire drawing, (b) primary 
slip systems, (c) secondary slip systems, and (d) third slip systems discussed based on Schmid’s 
law. (Part 2) 
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4.4.4 Crystal orientation distribution  
Figure 4-18 shows the relationship between the drawing strain and the ratio of the thickness 
of groups (A) and (B) to the radius of the wire (thickness ratio of {110}<110>{111}<110> to the 
wire diameter). The wire contained only group (C) at the beginning of wire drawing. Beyond a drawing 
strain of approximately 1, this crystal orientation remained in the outer side of the wire, and other 
groups (A) and (B) were newly formed in the inner side. Then, the ratio of the thickness of groups (A) 
and (B) to the radius of the wire increased with increasing drawing strain. Beyond a drawing strain of 
approximately 2.7, the ratio changed from an increased tendency to a decreased tendency. Group (C) 
will be again dominant in the wire for a large drawing strain. The curve for the back stress ratio of 5% 
was fitted by B-spline interpolation. A curve for the back stress ratio of 50% was drawn so as to shift 
the curve of 5%. The differences between the plots and the curve were within the measurement error 
of the ratio of thickness of group (A) and (B) to the radius of the wire, due to the width of the analysis 
area. The maximum error was approximately 0.17. Therefore, the two curves were appropriate as 
fitting curves. 
 
 
Fig. 4-18 Relationship between the ratio of the thickness of groups (A) and (B), which mainly consist 
of {110}<110>{111}<110> to the wire diameter and the drawing strain  for the drawn wire under 
back stress ratios of 5% and 50%. 
 
 
In this study, group (C) was the first formed by wire drawing, mainly comprised 
{100}<110>{111}<110>, and was defined as the “primary fiber texture.” Groups (A) and (B) at the 
inner side, which mainly comprise {110}<110>{111}<110>, were defined as the “secondary fiber 
texture.” At a strain higher than the maximum value of the ratio of the thickness of groups (A) and (B) 
to the radius of the wire, the part mainly comprising {100}<110>{111}<110> was defined as the 
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“subprimary fiber texture”, because one part of this fiber texture might had become a secondary fiber 
texture once and possess properties different from those of the primary fiber texture.  
Thus, under a back stress ratio of 5%, the mesoscale structure consists of only the primary 
fiber texture at the beginning of wire drawing, the primary and secondary fiber textures at a drawing 
strain of 12.7, and subprimary and secondary fiber textures for drawing strains exceeding 2.7. 
Increasing the back stress ratio shifts the transition of the mesoscale structure to a lower drawing strain, 
as shown in Fig. 4-19. Increase in the thickness of the secondary fiber texture due to an increasing 
back stress ratio is attributed to the decrease in the absolute value of the shear stress in the vicinity of 
the center of the wire. Section 4.3.3 FEM analysis showed that the region with a small absolute value 
of shear stress increases with increasing back stress ratio. Therefore, it can be said that this assumption 
is valid. 
 
 
Fig. 4-19 Illustration of the change in the mesoscale structure against the drawing strain  for the drawn 
wire under back stress ratios BT of 5% and 50%. The mesoscale structure consists of primary, 
secondary, and subprimary fiber textures. 
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4.5 Conclusions 
This chapter clarified the mesoscale structure based on fiber texture by EBSD analysis. The 
following results were obtained. 
 
1) The mesoscale structure of the drawn high carbon steel wire is characterized by three types of 
fiber texture. 
2) The wire has the primary fiber texture {100}<110>{111}<110> at the beginning of wire drawing. 
It possesses this orientation at the outer side, and exhibits a secondary fiber texture 
{110}<110>{111}<110> at the inner side. Beyond a drawing strain of approximately 2.7, the 
subprimary fiber texture {100}<110>{111}<110> is formed and dominates the volume of the 
wire. 
3) Increasing the back stress ratio shifts the transition of the mesoscale structure to a lower drawing 
strain.  
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5. Microstructure of a drawn fine high carbon steel wire 
5.1 Introduction 
Introduction of large strains into metallic materials is effective for fabricating the even 
stronger materials, although the ductility decreases with increasing strain. Thus, it is necessary to 
elucidate effective microstructures for obtaining high ductility. The above objective should clarify 1) 
the microstructure and mechanical properties, and 2) the relationship between the microstructure and 
the mechanical properties. 
Introduction of large strains using the wire drawing process (in other words, fabrication of 
fine wires) is a prerequisite for fabricating strong materials. However, for a fine wire, the slope of the 
radial strain distribution that grows from the center of the wire to its surface is smaller than that for 
wires with diameters exceeding approximately 0.2 mm, which are used in industrial applications [1]. 
Therefore, the fine wire may have different microstructure and mechanical properties from that of a 
wire with a diameter greater than 0.2 mm, although previous works mentioned the microstructure and 
mechanical properties of the wire with a diameter larger than 0.2 mm [2-27]. On the other hand, the 
microstructure and mechanical properties of drawn wires with diameters smaller than 0.2 mm remain 
poorly evaluated. This can be explained by the difficulty associated with drawing a fine wire using 
slip-type drawing machines that are commonly employed in industry, as well as the difficulty 
associated with measuring the ductility of fine wires using existing testing methods for thick wires. 
In this study, we address the first issue: a fine wire can be drawn using a non-slip type 
drawing machine [28], as explained in Section 1.5 Continuous wire drawing, which is shown in 
Chapter 2 Establishment of a tensile testing method and measurement methods for ductility. 
Furthermore, the measurement methods for ductility, addressing uniform elongation, reduction of area, 
and torsional properties, were established, as mentioned in Chapter 2 Establishment of a tensile testing 
method and measurement methods for ductility and Chapter 3 Establishment of an evaluation method 
for torsional properties. Therefore, the first issue can be addressed. 
On the other hand, it is difficult to relate the wire mechanical properties (which represent 
average information) to the wire microstructure on a scale of several angstroms to tens of nanometers 
(which corresponds to local information). Thus, the second of the above-described issues is difficult 
to address. However, the microstructure and mechanical properties of different mesoscale structures 
of the drawn wire under various back tension scenarios can be used for clarifying the relationship 
between the wire microstructure and mechanical properties. 
In Chapter 4 Mesoscale structure of a drawn fine high carbon steel wire, the mesoscale 
structure was defined based on the fiber texture. As a result, the mesoscale structure was shown to 
consist of only the primary fiber texture at the beginning of the wire drawing process, the primary and 
secondary fiber textures in the approximately 12.7 range of the drawing strain, and the subprimary 
and secondary fiber textures for drawing strains larger than approximately 2.7. Increasing the back 
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stress ratio shifts the transition of the mesoscale structure toward a lower drawing strain. 
This chapter focuses on the microstructure in only the ferrite phase; the mesoscale structure, 
which is characterized by the crystal orientation of the ferrite phase, was discussed in detail in the 
previous chapter. Furthermore, the effect of the back stress ratio should be thoroughly investigated for 
discussing the above effective microstructure for high ductility. Thus, the objective in this chapter is 
to clarify the relationship between the microstructure and the drawing strain, to elucidate the 
microstructure of different mesoscale structures, and to elucidate the relationship between mesoscale 
structures and microstructure. This corresponds to the third and fourth stages in Fig. 1-4. 
 
5.2 Experimental procedures 
Starting materials and the wire drawing process were the same as the ones that were 
described in Section 4.2.1 Wire drawing. 
 
5.2.1 TEM observations 
This study focused on the aggregation of fiber texture, defined as a mesoscale structure. The 
scale of lamellae is much smaller than the dimensions of mesoscale structures. Furthermore, the 
difference of lamellar spacing caused by the back stress ratio is negligible, based on previous results 
[29], as mentioned in Section 5.4.1 Lamellar spacing. Therefore, only the microstructure of the starting 
material and the drawn wires of (BT, d,) = (5, 0.097, 3.04), (50, 0.100, 2.98) were observed. The 
thin film samples for the observation of the microstructure of the wires were fabricated using a focused 
ion beam (FIB) system (Jeol Ltd., JIB-4000). The sample dimensions were 20×20×0.1 m3. The width 
direction of the film was parallel to the drawing direction. The sample was observed using a TEM 
(Jeol Ltd., JEM-2100F). For a thin sample, electrons that are irradiated onto the sample can be 
transmitted through the sample [30], as shown in Fig. 4-3. TEM utilizes these transmitted electrons. 
The FIB system uses an ion beam instead of an electron beam. Ion beams are stronger than electron 
beams, and can remove material. 
 
5.2.2 Electrical resistivity measurements 
A wire (length l, 1 m) was set in an apparatus that employed the four-terminal sensing 
method (Yokokawa Electric Co., Digital Thermometer 7563). A simple circuit for the four-terminal 
sensing method is shown in Fig. 5-1. For the electric current I of 1 mA, the voltage V that was applied 
to the wire was measured. Electrical resistivity  was calculated using Eq. (5-1). The parameter A 
corresponds to the cross-sectional area of the wire. 
 
ρ =
V
I
∙
A
l
 (5-1) 
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Fig. 5-1 Electrical circuit of the four-terminal sensing method. 
 
 
5.2.3 DSC thermal analysis 
Thermal analysis was performed in a protective atmosphere of nitrogen gas, using a 
differential scanning calorimetry (DSC) analyzer (PerkinElmer Inc., DSC8500). DSC is a method for 
measuring the difference between the input energy of a primary standard and a test piece, as a function 
of temperature, as the temperature is programmatically varied. There are two types of DSC. One is a 
power-compensation type, while the other is a heat-flux DSC. In this study, the power-compensation 
DSC was used. For the power-compensation DSC, the energy necessary for canceling the temperature 
differences between the primary standard and the test piece against time or temperature is measured. 
Figure 5-2 schematically shows the power-compensation DSC [31].  
 
 
Fig. 5-2 Schematic of the power-compensation type DSC. (Refer to [31]) 
113 
 
In this study, firstly, an empty aluminum pan was maintained at 40°C for 1 min; then, the 
pan was heated from 40°C to 500°C, following which it was cooled from 500°C to 40°C twice at the 
rate of 20°C /min. Secondly, 5-mm long and 60-mg mass wires were deposited on the pan. Next, both 
the pan and the deposited wires were heated and cooled again in the same way as described above. 
The flow of heat as a function of time was measured; this measured quantity could be converted to 
temperature using a linear transformation. The heat flow of the wire proper was determined by 
subtracting the heat flow of the pan from that of both the pan and the wire. Furthermore, the heat flow, 
which implies a transition from the unstable state to the stable state, was acquired by subtracting the 
heat flow at the later time from that at the earlier time. Moreover, the heat flows of the drawn wire 
(BT = 5%,  0.092 mm,  = 3.15) in Ar and N2 atmosphere were measured as a function of time by 
Nippon Steel & Sumikin Technology Co., Ltd., using a DSC analyzer (Netzsch-Gerätebau GmbH, 
DSC3500). 
 
5.3 Results 
5.3.1 TEM imaging 
Figure 5-3 shows TEM images of the pearlite structure in the starting material and the drawn 
wires of (BT, d,) = (5, 0.097, 3.04), (50, 0.100, 2.98). The lamellar structure of pearlite, which 
consists of a gray and black band, is observed. The gray and the black bands correspond to the ferrite 
and cementite phase layers, respectively. Note also that the drawing direction is not shown in Fig. 5-3 
because it is difficult to control the sticking direction and the position of a thin film sample on a TEM 
grid when manipulating very fine samples. 
 
 
Fig. 5-3 TEM images of the pearlite structure in (a) the starting material (b) and the drawn wires of 
(BT, d,) = (5, 0.097, 3.04), (50, 0.100, 2.98). 
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5.3.2 Electrical resistivity 
Figure 5-4 shows the electrical resistivity  of the wires as a function of the drawing strain 
. Three curves were fitted using B-spline interpolation. With increasing drawing strain, electrical 
resistivity decreased in the 0–1.5 range of the drawing strain, and then increased. The difference in the 
electrical resistivity caused by the back stress ratio was negligible. Furthermore, the dependence of 
the electrical resistivity of the wire on the drawing strain in this study was in agreement with that of 
the 0.26-mm diameter wire drawn from the 1.75-mm diameter wire, as reported previously [32]. 
 
 
Fig. 5-4 Electrical resistivity  of drawn wires for the back stress ratios BT of 5% and 50% with 
respect to the drawing strain . The curves are fitted using B-spline interpolation. The triangle plots 
show the results for the wire with a diameter 1.75 which was drawn to 0.26 mm in previous work [3]. 
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5.3.3 DSC thermal analysis 
Figure 5-5 shows the DSC analysis curve: the relationship between temperature T and the 
heat flow of wires Q̇. Peaks in the heat flow pattern were detected in the 100–225°C range (first peak) 
and in the 250–375°C range (second peak). These peaks indicate exothermal reactions except for the 
starting material ( = 0). 
 
 
Fig. 5-5 DSC analysis curves (heat flow unit mass Q̇ as a function of temperature T) of drawn fine 
high carbon steel wires with the initial diameter of 0.444 mm at various drawing strain  under back 
stress ratios BT of (a) 5% and (b) 50%. 
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5.4 Discussions 
5.4.1 Lamellar spacing 
The average of the measured lamellar spacing, the sum of the thickness of one ferrite phase 
layer and one cementite phase layer of the starting material, was approximately 58 nm in this study. 
The lamellar spacing was approximately 17 nm for the drawn wires of (BT, d,) = (5, 0.097, 3.04), 
(50, 0.100, 2.98). This value of the lamellar spacing is valid, as it is within the error range of the 
previously reported lamellar spacing value [29]. The previous study used the same wire formation 
process as this study, although the diameter of the wire was different from that of the wire used in this 
study. Guo et al. reported that lamellar spacing s reduced in proportion to the diameter of the wire d 
by wire drawing, as shown in Eq. (5-2) [2]. 
 
dn
d0
=
𝜆sn
𝜆s0
 
 
The parameter sn is lamellar spacing after the n-th pass. Figure 5-6 shows the relationship between 
the drawing strain  and lamellar spacing s, measured from the TEM images and calculated under the 
above assumption. The curve shows the fit to sn = d0s0 /dn = s0 exp(/2). Therefore, the lamellar 
spacing of the drawn wire can be estimated using the above consideration. Thus, the spacing of the 
wire would be 8.2 nm at 3.9 of the drawing strain after the final pass. Since the difference in the wire 
diameter caused by the back stress ratio was approximately 200 nm at 2.36 of the drawing strain, the 
difference in the thickness of one layer caused by the back stress ratio will be 0.025 nm. This outcome 
is expected assuming that approximately 7700 layers exist, with one layer counted as a pair of ferrite 
and cementite phase layers in the starting material, and assuming that the number of layers does not 
change. The difference is insignificant. Therefore, lamellar spacing is independent of the back stress 
ratio. 
 
 
 
(5-2) 
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Fig. 5-6 Relationship between the drawing strain  and lamellar spacing s of the drawn wire for the 
back stress ratiosBT of 5% and 50%. The cur ve shows the function sn = d0s0/dn = s0 exp(/2) 
[2]. The subscript n indicates pass number. 
 
 
5.4.2 Lamellar angle, lattice defects, and cementite decomposition 
The decrease in the electrical resistivity for drawing strains smaller than 1.5 occurred owing 
to the reduction of the lamellar angle to the drawing direction [32]. It is considered that when electrons 
flow in the ferrite layer in the drawing direction, the current of electrons is more disturbed by cementite 
layers in which iron atoms combine via the covalent bond, with the increase of the angle between the 
lamellar direction and drawing direction, as shown in Fig. 5-7. Thus, the resistivity increases. The 
difference in the electrical resistivity caused by the back stress ratio in this range was not observed. 
Thus, the effect of the back stress ratio on the reduction of the lamellar angle might be negligible.  
On the other hand, previously it was suggested that the increase in the electrical resistivity 
signals the amounts of lattice defects (dislocation density and vacancy concentration) and cementite 
decomposition per unit mass (dissolved carbon concentration) [32]. However, the disturbed motion of 
electrons increases the electrical resistivity. Thus, the increase in the electrical resistivity indicates not 
only the increased amounts of lattice defects and cementite decomposition per unit mass in the ferrite 
phase, but also the presence of additional phenomena, such as a change in the cementite configuration, 
a change in the crystal orientation of ferrite and cementite, and the presence of voids. The increase in 
the electrical resistivity does not reflect only the amounts of lattice defects and cementite 
decomposition. Therefore, the difference in the electrical resistivity caused by the back stress ratio for 
the drawing strains larger than 1.5 would not be clearly observable.  
With respect to the DSC thermal analysis, Daitoh et al. reported that the first peak indicates 
the formation enthalpies of the polygonization of dislocations and annihilation of vacancies, while the 
second peak indicates the formation enthalpy of carbides (/ carbide: Fe2C and cementite: Fe3C) [6, 
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33]. Thus, in this study, it is considered that the area under the first peak is linearly related to the 
amount of lattice defects per unit mass (dislocation density and vacancy concentration). It is also 
considered that the area under the second peak is linearly related to the amount of cementite 
decomposition per unit mass (dissolved carbon concentration in the ferrite phase). Peak areas for the 
heat flow were calculated using data analysis software (Light Stone Corp., Origin 2016 ™).  
 
 
Fig. 5-7 Relationship between lamellar disorientation and electrical resistivity  shown in (a) 
previously obtained experimental result [19], and (b) schematic of the current through the pearlitic 
lamellar structure. The vertical axis of (a) is thermoelectric power which is the ratio of a voltage 
difference between the two junction to a temperature gradient [19]. 
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Figure 5-8 shows the relationships between the first and second peak areas (heat quantity) 
Q and the drawing strain . The curve for the back stress ratio of 5% in Fig. 5-8 (a) was fitted using 
B-spline interpolation. The first peak area increased with increasing the drawing strain. This can be 
interpreted as an increase in the amount of lattice defects per unit mass (dislocation density and 
vacancy concentration) with increasing the drawing strain, based on the results of both electrical 
resistivity measurements and DSC analysis. The curve for the back stress ratio of 50% was drawn as 
the curve for the back stress ratio of 5%, because the amount of lattice defects per unit mass cannot 
be reduced by the wire drawing process. 
The curves in Fig. 5-8 (b) were fitted using B-spline interpolation. The second peak area 
increased with the drawing strain significantly, for drawing strains larger than approximately 1.5. This 
can also be interpreted as an increase in the amount of cementite decomposition per unit mass 
(dissolved carbon concentration in the ferrite phase) with increasing the drawing strain significantly, 
for drawing strains larger than approximately 1.5, based on the results of the DSC analysis. This 
tendency corresponds to the results for carbon concentration in the ferrite phase measured using an 
atomic probe [34].  
For both the first and second peaks, the heat values measured using DSC3500 (trust test) 
were not significantly different from those measured using DSC8500. Therefore, the heat for the 
drawn wire could be measured in both Ar and N2 atmospheres, for temperatures in the 40–500°C 
range. 
There were differences between the peak areas induced by the back stress ratio, at large 
drawing strains. It seems that increasing the back stress ratio reduced the drawing strain necessary for 
reaching a certain peak (quantity of heat). In other words, it is suggested that increasing the back stress 
ratio reduced the drawing strain necessary for reaching a certain amount of lattice defects per unit 
mass (dislocation density and vacancy concentration) and a certain amount of cementite 
decomposition per unit mass (dissolved carbon concentration in the ferrite phase). 
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Fig 5-8 Heat quantities (peak areas of DSC curves) Q of the drawn fine high carbon steel wires with 
the initial diameter of 0.444 mm under back stress ratios BT of 5% and 50% for temperatures in the 
range of (a) about 100225°C and (b) about 250375°C with respect to the drawing strain . The curve 
for the back stress ratio BT of 5% in (a) was fitted using B-spline interpolation. The curve for the 
back stress ratio BT of 50% in (a) was drawn as the curve for the back stress ratio BT of 5%, because 
the amount of lattice defects per unit mass cannot decrease in the wire drawing process. The curves in 
(b) were also fitted using B-spline interpolation. 
 
 
5.4.3 Changes in the microstructure with the drawing strain 
From the above, changes in the microstructure with the drawing strain, and the effect of 
increasing the back stress ratio, were obtained and are shown in Fig. 5-9. The lamellar angle decreased 
with increasing the drawing strain, for drawing strains smaller than approximately 1.5. For drawing 
strains larger than approximately 1.5, lamellae were parallel to the drawing direction. Lamellar spacing 
decreased in proportion to the diameter of the drawn wire. It is implied that dislocation density and 
vacancy concentration increased monotonically with increasing the drawing strain. It is also 
considered that the amount of cementite decomposition increased significantly for drawing strains 
larger than approximately 1.5.  
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In addition, as mentioned in Section 5.4.2 Lamellar angle, lattice defects, and cementite 
decomposition, it is suggested that increasing the back stress ratio reduced the drawing strain 
necessary for reaching a certain amount of lattice defects per unit mass and a certain amount of 
cementite decomposition per unit mass. 
 
 
Fig. 5-9 Illustrations of changes in the microstructure ((a) lamellar angle, lamellar spacing, (b) lattice 
defects and cementite decomposition) and mesoscale structure (refer to Fig. 4-19), with respect to the 
drawing strain for the drawn wire, for the back stress ratios BT 5% and 50%. 
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5.4.4 Microstructures forming mesoscale structures 
According to Fig. 5-9, the microstructures forming the different mesoscale structures were 
organized as follows. For the wire with only the primary fiber texture and the wire with both primary 
and secondary fiber textures at lower drawing strains, the lamellar angle to the drawing direction 
decreased. The amount of cementite decomposition seemed to be small. For the wire with both the 
primary and secondary fiber textures at higher drawing strains, and for the wire with both the 
subprimary and secondary fiber textures, the lamellae were parallel to the drawing strain and the 
amount of cementite decomposition seemed to increase for higher drawing strains. On the other hand, 
irrespectively of the fiber texture, lamellar spacing decreased with decreasing the wire diameter, and 
the amount of lattice defects increased with increasing the drawing strain.  
Therefore, an outstanding feature of the wire composed of only the primary fiber texture 
was the presence of lamellae for which the angle to the drawing direction decreased with increasing 
the drawing strain. The features of the wire composed of both the subprimary and secondary fiber 
textures were parallel lamellae and decomposed cementite, the amount of which increased with 
increasing the drawing strain. The wire with both the primary and secondary fiber textures had both 
the feature of the wire composed of the primary fiber texture and the features of the wire composed of 
the subprimary and secondary fiber features. 
Furthermore, a relationship between the mesoscale structures and microstructures is 
discussed, based on their difference caused by the back stress ratio. Increasing the back stress ratio 
shifts the transition of the mesoscale structure toward lower drawing strains, as mentioned in Section 
4.4.4 Crystal orientation distribution. This suggests that increasing the back stress ratio decreases the 
drawing strain necessary for reaching a certain amount of lattice defects and a certain amount of 
cementite decomposition per unit mass, as mentioned in Section 5.4.2 Lamellar angle, lattice defects, 
and cementite decomposition. Figure 5-10 shows Fig. 4-18 and Fig. 5-8 side by side in the vertical 
direction. Comparing the peak areas for the wires with the same mesoscale structure it can be safely 
said that increasing the ratio of thickness of the subprimary fiber texture to the diameter of the wire 
increases the first and second peak areas of the DSC curve (quantity of heat). Therefore, it is implied 
that increasing the ratio of thickness of the subprimary fiber texture to the diameter of the wire 
increases both the amounts of lattice defects and cementite decomposition per unit mass. 
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Fig. 5-10 Comparison of (a) mesoscale structure (Fig. 4-18) and (b) first and (c) second peak areas of 
the DSC curve: heat quantity Q (Fig. 5-8) for the drawn wire for the back stress ratio BT of 5% and 
50%. The first peak ranges from approximately 100°C to 225°C. The second peak ranges from 
approximately 250°C to 375°C. 
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5.5 Conclusions 
In this chapter, the microstructure was clarified in dependence on the drawing strain. The 
microstructure composition of mesoscale structures was also clarified, as well as the relationship 
between mesoscale structures and their constituent microstructures. The following results were 
obtained. 
 
1) Lamellar spacing decreases and the amount of lattice defects increases with increasing the 
drawing strain. For drawing strains smaller than approximately 1.5, the lamellar angle to the 
drawing direction decreases during wire drawing. For drawing strains larger than approximately 
1.5, lamellae are parallel to the drawing direction. The amount of cementite decomposition seems 
to increase with increasing the drawing strain in this range of strain values. 
2) The feature of the wire composed of only the primary fiber texture is lamellae, for which the 
angle to the drawing direction decreases with increasing the drawing strain. The features of the 
wire composed of both the subprimary and secondary fiber textures are parallel lamellae and 
decomposed cementite, the amount of which increases with increasing the drawing strain. The 
wire with both the primary and secondary fiber textures has both the feature of the wire composed 
of only the primary fiber texture (for lower drawing strains), and the features of the wire 
composed of the subprimary and secondary fiber features (for higher drawing strains). 
3) Increasing the ratio of thickness of the subprimary fiber texture to the diameter of the wire seems 
to increase both the amounts of lattice defects and the cementite decomposition per unit mass. 
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6. Mechanical properties of a drawn fine high carbon steel wire 
6.1. Introduction 
The introduction of large strain into metallic materials is effective for fabricating stronger 
materials, although the ductility of the materials decreases when large strain is introduced. Thus, the 
clarification of an effective microstructure for high ductility is required. To achieve this, it is necessary 
to clarify the following: 1) the microstructure and mechanical properties, and 2) the relationship 
between them. 
The introduction of large strain through the wire drawing process, that is, the fabrication of 
a finer wire, is a prerequisite for fabricating stronger materials. For a fine wire, however, with an 
increase from the center to the surface, the slope of the radial strain distribution is smaller than that 
for a wire with a diameter larger than approximately 0.2 mm, which is used in industrial applications 
[1]. Therefore, it is considered that the microstructure and mechanical properties of a fine wire are 
different to those of a wire with a diameter larger than approximately 0.2 mm, although previous works 
mentioned the microstructure and mechanical properties of the wire with a diameter larger than 
approximately 0.2 mm [2-27]. However, the microstructure and mechanical properties of drawn wires 
smaller than 0.2 mm in diameter have not been elucidated due to the difficulty in drawing a fine wire 
using a slip-type drawing machine (which is commonly used at industrial sites), and measuring the 
ductility of a fine wire based on existing testing methods for thick wires. 
In this study, issue 1) was solved: a fine wire was drawn by a non-slip type drawing machine 
[28], as presented in Section 1.5 Continuous wire drawing and described in Chapter 2 Establishment 
of a tensile testing method and measurement methods for ductility. Moreover, the indicators of ductility, 
namely, the uniform elongation, reduction of area, and torsional properties, were established as 
mentioned in Chapters 2 Establishment of a tensile testing method and measurement methods for 
ductility and Chapter 3 Establishment of an evaluation method for torsional properties. Therefore, the 
first issue was resolved. 
On the other hand, it is difficult to relate mechanical properties, such as average information, 
to a microstructure with a scale of several angstrom to tens of nanometers, which is local information. 
Thus, it is difficult to address issue 2). However, the organizing microstructure and mechanical 
properties in each mesoscale structure of a wire drawn under variable back tension can possibly clarify 
the relationship between the microstructure and the mechanical properties. 
In Chapter 4 Mesoscale structure of a drawn fine high carbon steel wire, the mesoscale 
structure was defined based on the fiber texture. In Chapter 5 Microstructure of a drawn fine high 
carbon steel wire, the microstructure in each mesoscale structure and the relationship between the 
mesoscale structure and the microstructure were clarified. The feature of the wire composed of only 
the primary fiber texture was the presence of lamellae for which the angle to the drawing direction 
decreased with increasing the drawing strain. The features of the wire composed of both the 
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subprimary and secondary fiber textures were parallel lamellae and decomposed cementite, the amount 
of which increased with increasing the drawing strain. A wire that had both primary and secondary 
fiber textures exhibited the features of both a wire with a primary fiber texture and a wire with 
subprimary and secondary fiber features. Moreover, regardless of the fiber texture, the lamellar 
spacing decreased by decreasing the wire diameter, while the amount of lattice defects increased by 
increasing the drawing strain. Additionally, it is considered that the amount of lattice defects and 
cementite decomposition increased by increasing the thickness ratio of the subprimary fiber texture to 
the wire diameter. 
Based on the abovementioned considerations, the objective of this study was to clarify the 
mechanical properties against the drawing strain, the mechanical properties in each mesoscale 
structure, the relationship between the mesoscale structure and the mechanical properties, and the 
effective microstructure for achieving high ductility based on the relationship between the 
microstructure and the mechanical properties, in addition to proposing a wire drawing method for a 
wire with high strength and ductility. This corresponds to the third, fourth, and fifth stages shown in 
Fig. 1-4.  
 
6.2. Experimental procedures 
The starting materials were the same as those described in Section 4.2.1 Wire drawing. The 
wires were drawn under two types of drawing conditions using a non-slip type drawing machine. One 
of these conditions was the same as those described in Section 4.2.1 Wire drawing. The second 
condition was that the wires with a diameter of 0.444 mm were drawn to 0.060 mm under areal 
reductions of 14%, 21%, and 27%, and a back stress ratio of 5% with 26 passes as shown in Fig. 6-1. 
The die half angle was 7 ° and the bearing length was 30% of the diameter of die hole. The lubricant 
was mineral l oil (Adeka Chemical Supply Cop., AFCO LUBE AL-590A). Final drawing speed was 
500 m/min. 
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Fig. 6-1 Schematic image of wire drawing conditions. 
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6.2.1 Methods of evaluating mechanical properties 
In accordance with the method established in Chapter 2 Establishment of a tensile testing 
method and measurement methods for ductility, tensile tests were performed and the uniform 
elongation and reduction of area were measured. The tensile strength TS of the drawn wire was 
measured through a tensile test conducted by a universal testing machine (Shimadzu Co., Autograph 
AG 25 TB). The tensile load F was measured using a load cell with 500 N of the maximum range 
(Shimadzu Co., 346-56829-XX). The tensile specimen was chucked by air capstan-type grippers 
(Shimadzu Co., 341-29148-10). The distance between the chucks was 150 mm. The test speed was 
1.1×10-3 s-1. Then, the uniform elongation eEl-uniform was calculated by the estimated stroke without a 
tensile load u0, and the stroke when the maximum tensile load was applied to the wire umax as expressed 
by Eq. (6-1). The reduction of area Ra of the wire was calculated after the tensile test using Eq. (6-2), 
and by measuring r1 and r2 through observation using SEM (Hitachi, Ltd., S2150). Parameter r1 is the 
radius of the test sample in the region of uniform deformation. Parameter r2 is the radius of the 
fractured wire at its most constricted point (the shortest distance between the center line and the surface 
at the most constricted part).  
 
eEL-uniform =
umax − u0
150 + u0
× 100 
Ra = {1 − (
r2
r1
)
2
(1 +
eEL-uniform
100
)
−1
} 
 
6.2.2 Preparation of wire for which surface layer was removed 
The wire was soaked by a mixture solution of oxalic acid and hydrogen peroxide. Then, the 
diameter of the drawn wire was reduced by etching the surface of the wire with a mixture solution to 
measure the distributions of tensile strength, uniform elongation, and reduction in the area in the radial 
direction. After etching the surface of the wire, the tensile strength, uniform elongation, and reduction 
of area were measured in the same way as mentioned above. The diameter of the etched wire before 
conducted tensile test was calculated by the uniform elongation eEL-uniform and the radius of the test 
sample in the uniform deformation region r1, which was measured from the SEM images, because the 
wire was not sufficiently long to measure the diameter of the wire with a laser interferometer. 
 
6.3 Results 
6.3.1 Mechanical properties against drawing strain 
As mentioned in Section 4.3.1 Drawing experiment, the wire could be drawn with a diameter 
of 0.063 mm ( = 3.90) under a back stress ratio of 5%. The wire could be drawn further with a large 
strain. Moreover, the wires could be drawn to the diameters of 0.075 mm ( = 3.56) and 0.100 mm ( 
(6-1) 
(6-2) 
132 
 
= 2.98) under back stress ratios of 30% and 50%, respectively. Furthermore, the wires could be drawn 
with diameters of 0.062 mm ( = 3.94) and 0.061 mm ( = 3.98) under areal reductions of 21% and 
27%, respectively. The wires could be drawn further with a large strain under areal reductions of 14%, 
21%, and 27%. 
Figure 6-2 shows the relationship between the drawing strain e, (a) tensile strength TS, (b) 
uniform elongation eEL-uniform, and (c) reduction of area Ra for the wires drawn under back stress ratios 
BT of 5%, 30%, and 50% and an areal reduction Re of 14%. The results for the wire drawn under a 
low back tension (BT < 5%) are also shown in Fig. 6-2. Three curves were fitted using B-spline 
interpolation, as shown in Fig. 6-2 (a). The tensile strength increased by monotonically increasing the 
drawing strain. The uniform elongation decreased significantly in the beginning of wire drawing, 
gradually decreased in the range of a drawing strain smaller than approximately 2.5, and gradually 
increased in the range of a drawing strain larger than 2.5. Therefore, the three curves shown in Fig. 6-
2 (b) were drawn as mentioned above. The three curves overlap each other because the uniform 
elongation differences were smaller than the measurement error of 0.21%, as clarified in Chapter 2 
Establishment of a tensile testing method and measurement methods for ductility. The reduction of 
area increased in the range of a drawing strain smaller than approximately 1.5, whereas it decreased 
in the range of a drawing strain larger than approximately 1.5. Thus, the three curves in Fig. 6-2 (c) 
were drawn as mentioned above. In the range of a drawing strain smaller than 1.5, the differences in 
the reduction of area were smaller than the measurement error of 1.9%, as clarified in Chapter 2 
Establishment of a tensile testing method and measurement methods for ductility. Thus, the three 
curves overlap in this range. Moreover, in the range wherein the drawing strain was larger than 1.5, 
the area reduction differences were larger than the measurement error. Thus, curves were drawn so 
that they explain that the increase in the back stress ratio can lead to a significant decrease in the 
reduction of area. Thus, curves were drawn to explain that the increase of the back stress ratio can lead 
to a significant decrease in the reduction of area. A significant difference in the tensile strength and 
uniform elongation was not caused by the back stress ratio. Moreover, increasing the back stress ratio 
decreased the drawing strain necessary for reaching a certain value of reduction of area. 
Figure 6-3 shows the relationship between the drawing strain e, (a) tensile strength TS, (b) 
uniform elongation eEL-uniform, and (c) reduction of area Ra for the wires drawn under areal reductions 
Re of 14%, 21%, and 27%, and a back stress ratio BT of 5%. The results for the wire drawn under low 
back tension (BT < 5%) are presented in Figure 6-3. The tendencies of the tensile strength, uniform 
elongation, and area reduction against the drawing strain were the same as the tendencies shown in 
Fig. 6-2. Thus, each line shown in Fig. 6-3 was drawn in the same way as shown in Fig. 6-2. The 
tensile strength difference caused by the areal reduction was negligible. The uniform elongation and 
reduction of area differences were smaller than each measurement error in the range of the drawing 
strain, with the exception of the high drawing strain where an increase in the areal reduction resulted 
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in the decrease of uniform elongation and reduction of area. 
 
 
 
Fig. 6-2 Relationship between drawing strain , (a) tensile strength TS, (b) uniform elongation eEL-
unform, and (c) reduction of area Ra for wires drawn under back stress ratios BT of 5%, 30%, and 50% 
and low back tension (BT < 5%). The three curves in (a) and (b) overlap because the differences 
between the tensile strength and uniform elongation were small. The three curves in (c) overlap in the 
range wherein the drawing strain was smaller than 1.5, because the reduction of area differences were 
smaller than the measurement error. In the range wherein the drawing strain was larger than1.5, the 
reduction of area differences were larger than the measurement error. Thus, curves were drawn so that 
they explain that the increase in the back stress ratio can lead to a significant decrease in the reduction 
of area. 
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Fig. 6-3 Relationship between drawing strain , (a) tensile strength TS, (b) uniform elongation eEL-
uniform, and (c) reduction of area Ra for wires drawn under areal reductions Re of 14%, 21%, and 27% 
and back stress ratio BT of 5%, and under an areal reduction Re of 14% and low back tension (BT < 
5%). The three curves in (a) overlap because the tensile strength difference was negligible. With the 
exception of the high drawing strain range, the three curves in (b) and (c) overlap because the uniform 
elongation and reduction of area differences were smaller than each measurement error. At high 
drawing strain, curves were drawn so that they explain that the increase in the areal reduction can lead 
to a significant decrease in uniform elongation and the reduction of area. 
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6.3.2 Distribution of mechanical properties 
Figure 6-4 shows the maximum tensile load Fmax, tensile strength TS, uniform elongation 
eEL-uniform, and reduction of area Ra against the dimensionless radius r* = re / r0 for wires (BT, ) = (5, 
0.81), (5, 1.42), (5, 3.04), as examples. Here, r0 and re are the radius of the as-drawn wire and that of 
the wire after reducing the diameter by etching, respectively. The curves shown in Figs. 6-4 (a), (e), 
(g), and (k) indicate that Fmax = Fmax (r*=1)r*2. The straight lines shown in Figs. 6-4 (b), (h), and (l) 
indicate the tensile strength of the as-drawn wire. The straight lines shown in Figs. 6-4 (c), (f), (i), and 
(m) pass through the origin and elongation of the as-drawn wire. The straight lines shown in Figs. 6-
4 (d), (j), and (n) indicate the reduction of area of the as-drawn wire.  
There were three types of mechanical property distributions: I, II, and III, as shown in Fig. 
6-4. Type I corresponds to wire (BT, ) = (5, 0.81). Type II corresponds to wires (BT, ) = (5, 1.42), 
(5, 2.36), (50, 0.81), and (50, 1.42). Type III corresponds to wires (BT, ) = (5, 3.04), (5, 3.51), (5, 
3.90), (50, 2.36), and (50, 3.04).  
For type I, the uniform elongation is in good agreement with the straight line in the range 
wherein the dimensionless radius was smaller than approximately 0.8. In the range of a dimensionless 
radius lager than approximately 0.8, the uniform elongation was lower than the straight line. Moreover, 
the reduction of area was constant against the dimensionless radius. As indicated by the triangle plots, 
for some samples, the maximum load of the wire after the diameter reduction via etching was lower 
than the curve. Because the results revealed different tendencies, the maximum wire loads were 
measured again, and the results indicated by the cycle plots on the curve were obtained. It is possible 
that the samples for which the maximum loads were smaller than the curve might have not been 
measured correctly for some reason. The results of these samples were not included in the discussion 
presented in Section 6.4 Discussions. 
For type II, the maximum wire load obtained after the diameter was reduced by etching is 
in good agreement with the curve. Additionally, the uniform elongation is in good agreement with the 
straight line. The reduction of area was constant against the dimensionless radius ratio.  
For type III, the wires exhibited the tendencies of maximum load and elongation, which 
were the same as those of type II. However, the reduction of area exhibited large variation. 
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6.4 Discussions 
6.4.1 Mechanical property distribution for each mesoscale structure 
This section discusses the mechanical properties of each mesoscale structure. The 
relationship between the microstructure distribution and the fiber texture was considered as follows. 
A wire with the type I distribution consisted of the primary fiber texture. A wire with the type II 
distribution consisted of both the primary and secondary fiber textures. A wire with the type III 
distribution consisted of both the subprimary and secondary fiber textures. Therefore, as shown in Fig. 
6-5, the wire composed of the primary fiber texture had uniform tensile strength toward the radial 
direction, low uniform elongation only on the outer side, and a uniform reduction of area toward the 
radial direction. The wire composed of both the primary and secondary fiber textures had uniform 
tensile strength, uniform elongation, and reduction of area toward the radial direction. The wire 
composed of both the subprimary and secondary fiber textures had uniform tensile strength and 
uniform elongation toward the radial direction, and a reduction of area with large variation. 
Additionally, as discussed in Chapter 3 Establishment of an evaluation method for torsional properties, 
the fracture surface of the wires with type I and II distribution after a torsion test was normal fracture. 
Moreover, delamination occurred for wires with type III distribution. 
Previous studies have reported a difference in the mechanical properties caused by the 
dimension of the test specimen [29-31]. For a rectangle specimen, uniform elongation decreases by 
decreasing the cross-sectional area of the specimen. Moreover, uniform elongation decreases with the 
increase of the ratio of the square root of the cross-sectional area to the length of the specimen by 
reducing the cross-sectional area rather than the length increment of the specimen [16-18]. This 
tendency is in good agreement with the uniform elongation tendencies shown in Fig. 2-20 (which does 
not show any significant difference with regard to the uniform elongation caused by the chuck 
distance) and Fig. 6-4. Therefore, the results shown in Figs. 2-20 and 6-4 are valid. However, the 
reason for reducing the uniform elongation by decreasing the cross-sectional area has not been 
clarified, although a previous study attempted to discuss this on the basis of ductile fracture energy 
[31]. 
Based on the abovementioned considerations, the tensile strength, uniform elongation, and 
reduction of the area are typically uniform along the radial direction of the wire. Moreover, the wire 
with only the primary fiber texture had a layer that decreased the longitudinal ductility in the vicinity 
of the surface. The wire with the subprimary fiber texture on the outer circumferential side also 
exhibited large variation of the reduction of area and high occurrence of delamination. 
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Fig. 6-5  Illustrations of changes in the microstructure ((a) lamellar angle, lamellar spacing, (b) lattice 
defects and cementite decomposition) and mesoscale structure (refer to Fig. 4-19 and Fig. 5-9), with 
respect to the drawing strain  and (c) distribution of mechanical properties toward radial direction, 
for the drawn wire, for the back stress ratios BT of 5% and 50%. 
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6.4.2 Effects of drawing conditions 
The mechanical property differences caused by the areal reduction were small, as mentioned 
in Section 6.3.1 Mechanical properties against drawing strain. Therefore, the wires for which the 
mechanical properties are shown in Fig. 6-3 may have had the same mesoscale structure (as shown in 
Fig. 6-5) of the drawn wire under 5% back stress. 
The relationship between the mesoscale structure and the mechanical properties is discussed 
based on their differences caused by the back stress ratio. Increasing the back stress ratio shifted the 
transition of the fiber texture to a lower drawing strain, as mentioned in Section 4.4.4 Crystal 
orientation distribution. Increasing the back stress ratio decreased the drawing strain necessary for 
reaching a certain value of reduction of area, as mentioned in Section 6.3.1 Mechanical properties 
against drawing strain. In the same way as shown in Fig. 5-10, Fig. 6-6 shows Fig. 4-18 and Fig. 6-2 
(c) side by side in the vertical direction. In comparison with the reduction of area for wires with the 
same mesoscale structure, it can certainly be said that increasing the thickness ratio of the subprimary 
fiber texture to the diameter of the wire decreases the reduction of area. Thus, it is suggested the 
reduction of area can be improved by reducing the amount of lattice defects and cementite 
decomposition. From the abovementioned considerations, the microstructure with small amounts of 
lattice defects and cementite decomposition per unit mass is considered to have an effective 
microstructure with high ductility. 
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Fig. 6-6 Comparison of (a) mesoscale structure (Fig. 4-18) and (b) reduction of area (Fig. 6-1 (c)) for 
the drawn wire for the back stress ratios BT of 5% and 50%. 
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6.4.3 Effects of residual stress on mechanical properties 
In this section, the reasons for the occurrence of the following phenomena are discussed. 
First, the effect of the residual stress on tensile strength, uniform elongation, and reduction of area was 
not actualized, even when the surface layer of the wire was removed. Secondly, the residual stress was 
not a dominant factor for the change of tensile strength, uniform elongation, and reduction of area by 
the back stress ratio.  
Previous studies have measured the residual stress zz-res and Vickers hardness distribution 
in the radial direction of the drawn steel wire [32], as shown in Fig. 6-7. There existed axial tensile 
residual stress in the vicinity of the surface of the wire and axial compressive residual stress in the 
vicinity of the center. The Vickers hardness distribution was constant with respect to the radial 
direction. Therefore, the Vickers hardness may not be determined by the residual stress. Moreover, the 
tensile strength distribution was constant with respect to the radial direction, in the same manner as 
the Vickers hardness distribution, based on the assumption that the tensile strength is proportional to 
the Vickers hardness. Therefore, the tensile strength may not be determined by the residual stress.  
As in previous work, the results of the FEM simulation obtained in this study revealed the 
existence of an axial tensile residual stress state in the vicinity of the surface of the wire, and the 
existence of an axial compressive residual stress state in the vicinity of the center, as shown in Fig. 4-
9. Moreover, the tensile strength distribution with respect to the radial direction shown in Fig. 6-4 
became the same as the assumed tensile strength distribution mentioned above. If the tensile strength 
varies with the residual stress, the tensile strength distribution does not become constant with respect 
to the dimensionless radius but rather same as the tendency of the axial residual stress distribution. 
Therefore, the tensile strength may not be determined by the residual stress, in the same way as 
mentioned previously. The uniform elongation decreased by increasing the amount of the removed 
surface layer. This tendency is similar to that reported by previous studies, and demonstrates that the 
uniform elongation decreases with the decrease of the cross-sectional area of the specimen [29-31]. 
Thus, it cannot be said that the uniform elongation is completely determined by the residual stress. 
The reduction of area distribution was uniform with respect to the radial direction. In the same manner 
as for the tensile strength distribution, if the reduction of area varied with the residual stress, the 
reduction of area distribution did not become constant against the dimensionless radius but rather 
became same as the tendency of the axial residual stress distribution. Therefore, the reduction of area 
may not be determined by the residual stress. 
Increasing the back stress ratio decreased the absolute value of the residual stress, as shown 
in Fig. 4-9, and also decreased the intercept of the reduction of area, although the reduction of area 
slope did not change. The back stress ratio of 50% might had the same effect as the back stress ratio 
of 5%, and the reduction of area did not change even when the surface layer was removed. Thus, the 
reduction of area may not be determined by the residual stress, in the same way as mentioned 
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previously. Hence, the decrease in the reduction of area caused by increasing the back stress ratio 
might not had been caused by the change of residual stress. 
 
 
Fig. 6-7 Relationship between axial residual stress zz-res, Vickers hardness, tensile strength TS, 
uniform elongation EL-uniform, and reduction of area Ra distributions against dimensionless radius r*. 
(Refer to [19]) 
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6.4.4 Wire drawing method for high strength and ductility 
Deformation in a constricted manner, such that a small diameter is obtained during the wire 
drawing process, is similar to the local deformation during tensile testing. Therefore, it is reasonable 
for a wire that can be drawn more to exhibit a large reduction of area. In actual, the wire which has 
high reduction of area could be drawn more. Thus, it can be said that these wires are wires with high 
strength and ductility as a result. On the other hand, it is suggested decreasing the ratio of thickness of 
the subprimary fiber texture to the diameter of the wire decreases the amounts of lattice defects and 
cementite decomposition per unit mass and improved the reduction of area. Thus, inhibiting the 
increase in the ratio of the subprimary fiber texture thickness to the diameter of the wire is effective 
in obtaining a wire with a high strength and ductility. In other words, three methods are effective, as 
shown in Fig. 6-8. The first method consists of delaying the transition of the mesoscale structure. The 
second method consists of delaying the increase of the thickness of the subprimary fiber texture to the 
diameter of the wire. The third method is the combination of the first and second methods. 
 
 
Fig. 6-8 Recommended guideline for fabricating wire with high strength and ductility. The SP fiber 
texture means subprimary fiber texture. 
 
 
This study did not conduct a FEM simulation of continuous wire drawing for more than four 
passes because this requires high technology and is more complex. Additionally, it requires a re-mesh 
function or a work-hardening model for wire drawing. Therefore, it is not possible to discuss the 
transition of the mesoscale structure with respect to the drawing strain based on the stress state, 
although the validity of crystal orientation (fiber texture) is discussed based on Schmid’s law and the 
stress state during wire drawing at a lower drawing strain. Based on the abovementioned 
considerations, this section does not discuss the appropriate stress state during wire drawing, but rather 
discusses the drawing conditions for fabricating a wire with high strength and ductility. 
The first effective method for fabricating a wire with high strength and ductility can be 
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achieved by decreasing the back stress ratio as shown in Fig. 6-9. The second effective method was 
not implemented in this study; however, a greater decrease in the back stress ratio can be achieved in 
the middle of the drawing strain by applying this method. Moreover, controlling the areal reduction is 
not available to the first and second effective methods. Therefore, decreasing the back stress ratio is 
one of the effective method for fabricating a wire with high strength and ductility. 
 According to previous works [33, 34], applying back tension to the wire is effective toward 
reducing the wire drawing cost; however, it may lead to the generation and growth of voids in the wire. 
Therefore, it has been considered that wire drawing under a small back tension is an effective method 
for drawing even finer wires, because the method can inhibit void initiation and growth in the wire 
during wire drawing. However, this study clarified that the aforementioned method is effective due to 
the reduction in the thickness ratio of the subprimary fiber texture to the wire diameter and the 
formation of an effective microstructure for high ductility; the difference in the amounts of voids 
generated by the back stress ratio could not be evaluated by the electrical resistivity as mentioned in 
5.4.2 Lamellar angle, lattice defects, and cementite decomposition. Hence, the effectiveness of this 
method was due to a different factor from that mentioned in previous studies. 
 
 
Fig. 6-9 Relationship between drawing strain  and back stress ratio BT. The arrows indicate the 
effective methods for fabricating a wire with high strength and ductility: (1) delaying the transition of 
mesoscale structure; (2) delaying the increase of the subprimary fiber texture to the diameter; (3) 
combination of (1) and (2), as shown in Fig. 6-8. 
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6.5 Conclusions 
In this chapter, the mechanical properties against the drawing strain, the mechanical 
properties in each mesoscale structure, the relationship between the mesoscale structure and the 
mechanical properties, and the microstructure that is effective in achieving high ductility were clarified. 
The following conclusions were drawn from this study. 
 
1) The tensile strength increases by increasing the drawing strain. The uniform elongation 
significantly decreases in the beginning of wire drawing, gradually decreases in a drawing strain 
range below approximately 2.5, and gradually increases in a drawing strain range larger than 2.5. 
The reduction of area increases in the range of a drawing strain smaller than approximately 1.5, 
while it decreases in the range of a drawing strain larger than approximately 1.5. 
2) Typically, the tensile strength, uniform elongation, and reduction of area are uniform toward the 
radial direction of the wire. Moreover, a wire with only the primary fiber texture has a layer that 
decreases the longitudinal ductility in the vicinity of the surface. A wire with a subprimary fiber 
texture has a reduction of area exhibiting large variation and high occurrence of delamination. 
3) Decreasing the ratio of the subprimary fiber texture thickness to the diameter of the wire improves 
the reduction of area. Thus, it is inferred that the reduction of area improves by reducing the 
amounts of lattice defects and cementite decomposition. The microstructure with small amounts 
of lattice defects and cementite decomposition per unit mass is considered to have an effective 
microstructure with high ductility. 
4) Decreasing the back stress ratio is an effective method for fabricating a wire with high strength 
and ductility. 
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7. Conclusions 
7.1 Conclusions 
The introduction of a large strain into metallic materials is effective for fabricating even 
stronger materials, although the ductility of the materials decreases with this strain introduction. Thus, 
clarification of the effective microstructure for high ductility is required. This study focused on a high 
carbon steel wire as the strongest metallic material, with a strength that reached 7000 MPa on a 
laboratory scale. To achieve the above objective, it is necessary to realize the microstructure and 
mechanical properties, as well as the relationship between the microstructure and mechanical 
properties. However, clarification of the microstructure and mechanical properties of drawn wire 
smaller than 0.2 mm in diameter has not been successful. This is because of difficulties faced when 
drawing fine wires by using a slip-type drawing machine, which is commonly used at industrial sites, 
and measuring the ductility of a fine wire based on an existing testing method for thick wires. 
During drawing of a wire, a slope of the radial strain distribution with an increase from the 
center to the surface is formed. The introduction of a large amount of strain by the wire-drawing 
process in other words, the fabrication of a finer wire, is a prerequisite for fabricating even stronger 
materials. However, the slope for a fine wire is smaller than that for a wire with a diameter larger than 
approximately 0.2 mm, which is used at industrial sites. Therefore, it is considered that fine wire has 
a microstructure and mechanical properties different from a wire with a diameter larger than 
approximately 0.2 mm, which has already reported by previous works. Therefore, drawing wire and 
establishing a measurement method for ductility are emerging challenges. 
Thus, this study focused on a non-slip type drawing machine by which the wire can be drawn 
under certain conditions. This study also focused on the effect of back tension on the microstructure 
and mechanical properties. This is because a previous work found that back tension changes the strain 
distribution and the controlling back tension possibly changes the microstructure and mechanical 
properties and contributes to understanding the relationship between the microstructure and 
mechanical properties. In addition, a simple and reliable measurement method for ductility should be 
established. Furthermore, the aggregation of fiber texture was attempted to define as a mesoscale 
structure. This is because the mesoscale structure plays a role of mediation between the microstructure, 
which is local information, and mechanical properties, which are average information. It is considered 
that the introduction of the mesoscale structure and the clarification of the microstructure and 
mechanical properties of each mesoscale structure can clarify the relationship between the 
microstructure and mechanical properties — in other words, the effective microstructure for high 
ductility. 
Therefore, the objective of this study was to clarify the effective microstructure for high 
ductility. The following were performed concretely. 
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1) Establishing measurement methods for ductility 
2) Clarifying the change of the microstructure, the mesoscale structure, and mechanical properties 
against drawing strain 
3) Clarifying relationships between the mesoscale structure and the microstructure and between the 
mesoscale structure and mechanical properties 
4) Clarifying the effective microstructure 
 
In Chapter 2, the tensile testing method and the measurement methods for uniform 
elongation and reduction of area for a fine metal wire were established. In Chapter 3, the evaluation 
method for torsional properties was established. In Chapter 4, the mesoscale structure was clarified 
based on fiber texture. In Chapter 5, the microstructure against drawing strain, the microstructure in 
each mesoscale structure, and the relationship between the mesoscale structure and the microstructure 
were clarified. In Chapter 6, the mechanical properties against drawing strain, mechanical properties 
in each mesoscale structure, and relationship between the mesoscale structure and mechanical 
properties were clarified. The effective microstructure for high ductility and the wire drawing 
conditions for wire drawing wires with high strength and ductility were also considered. Summaries 
of these results follow. 
 
Chapter 2: Establishment of a tensile testing method and measurement methods of ductility 
A tensile testing method that uses grippers for a fiber, applies an initial load to a wire when 
the wire is chucked, and calculates the increment of the wire by the stroke increment of a universal 
testing machine is appropriate. Elongation can be measured as the ratio of the stroke at 0 N subtracted 
from the stroke at the maximum tensile load to the sum of the initial chuck distance and the stroke at 
0 N with a measurement error of 0.21%. The reduction of area can be calculated using the radius of 
the wire at a uniform deformation portion, the radius at the most constricted point, and the uniform 
elongation. Each radius can be calculated from the SEM image. The measurement error of the 
reduction of area is 1.9%. 
 
Chapter 3: Establishment of an evaluation method for torsional properties 
The wire is twisted non-uniformly to the longitudinal direction during a torsion test; then, 
the shear strain distribution measured from the SEM image in the longitudinal direction homogenized 
with decreasing difference between the shear strain at the fractured part and the plastic shear strain. 
When the shear strain at the fractured part corresponds to the plastic shear strain, the shear strain is 
the intrinsic shear strain. 
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Chapter 4: Mesoscale structure of a drawn fine high carbon steel wire 
The mesoscale structure of a drawn high carbon steel wire is characterized by three types of 
fiber texture. The wire has the textures {100}<110>{111}<110> (named “primary fiber texture”) at 
the beginning of drawing. Then, the wire has this orientation at the outer side and the texture 
{110}<110>{111}<110> (named “secondary fiber texture”) at the inner side. After a drawing strain 
of approximately 2.7, the texture {100}<110>{111}<110> (named “subprimary fiber texture”) is 
formed at the outer side and dominates the wire. The increasing back stress ratio shifts the transition 
of the mesoscale structure to a lower drawing strain.  
 
Chapter 5: Microstructure of a drawn fine high carbon steel wire 
Lamellar spacing decreases and the number of lattice defects increases with increasing 
drawing strain. In the range of drawing strain smaller than approximately 1.5, the lamellar angle to the 
drawing direction decreases during wire drawing. In the range of drawing strain larger than 1.5, 
lamellae are parallel to the drawing direction. The amount of cementite decomposition seems to 
increase with increasing drawing strain in this range. 
The feature of a wire composed of only the primary fiber texture is lamellae of which the 
angle to the drawing direction decreases with increasing drawing strain. The features of a wire 
composed of the subprimary and secondary fiber textures are parallel lamellae and decomposed 
cementite of which the amount increases with increasing drawing strain. The wire with the primary 
and secondary fiber textures has features of a wire composed of the primary fiber texture at a lower 
drawing strain, and it has features of a wire composed of the subprimary and secondary fiber features 
at a high drawing strain. 
It is inferred that increasing the ratio of thickness of the subprimary fiber texture to the 
diameter of the wire increases both the amount of lattice defects and the amount of cementite 
decomposition per unit mass. 
 
Chapter 6: Mechanical properties of a drawn fine high carbon steel wire 
Tensile strength increases with increasing drawing strain. Uniform elongation decreases 
significantly in the beginning of the wire drawing, decreases gradually in the range of drawing strain 
smaller than approximately 2.5, and increases gradually in the range of drawing strain larger than 2.5. 
Reduction of area increases in the range of drawing strain smaller than approximately 1.5 and 
decreases in the range of drawing strain larger than approximately 1.5. 
Normally, tensile strength, uniform elongation, and reduction of area are uniform to the 
radial direction of the wire. However, the wire with only the primary fiber texture has a layer that 
decreases the longitudinal ductility in the vicinity of the surface. The wire with a subprimary fiber 
texture has a reduction of area with a large variation and high occurrence of delamination. 
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Decreasing the ratio of thickness of the subprimary fiber texture to the diameter of the wire 
improves area reduction. Therefore, it is considered that the reduction of area is improved by the 
reduction in the amount of lattice defects and amount of cementite decomposition. A microstructure 
with a small amount of lattice defects and cementite decomposition per unit mass is considered to have 
an effective microstructure with high ductility. 
The above conclusions show that delaying the transition of the mesoscale structure and 
delaying the increase of the ratio of the thickness of the subprimary fiber texture to the diameter of the 
wire are effective methods for fabricating a wire with high strength and ductility. Decreasing the back 
stress ratio is a simple and available method to actualize the above. 
In previous works, it was considered that applying a back tension to the wire (increasing 
back stress ratio) was important to the reduction of wire drawing cost. On the other hand, it was also 
considered that decreasing the back tension was important to inhibit the generation and growth of 
voids. However, this study has shown a different conclusion. Instead of reason that the fabrication of 
a fine wire (a wire with a large strain) was due to the inhibition effect on the generation and growth of 
voids, this study showed that the reduction of the thickness ratio of the subprimary fiber texture to the 
wire diameter, and the formation of an effective microstructure, was the main reason for the fabrication 
of wire with both high strength and high ductility. 
 
The conclusions drawn in this study can be summarized as follows. 
 
1) The mesoscale structure, which is characterized by fiber textures, possesses three types of 
structures against drawing strain. The first is a structure with only the primary fiber texture 
{100}<110>{111}<110>. The second is a structure with primary and secondary 
{110}<110>{111}<110> fiber textures at the inner and outer sides, respectively. The third is a 
structure with subprimary {100}<110>{111}<1110> and secondary fiber textures at the inner 
and outer sides, respectively. 
2) Decreasing the ratio of the thickness of the subprimary fiber texture to the diameter of the wire 
improves the reduction of area. It is suggested that this improvement is caused by the decreasing 
amounts of lattice defects and cementite decomposition. Thus, the microstructure with a small 
amount of lattice defects and cementite decomposition per unit mass is considered to have an 
effective microstructure with high ductility.  
3) Delaying the transition of the mesoscale structure and delaying the increase of the ratio of the 
thickness of the subprimary fiber texture to the diameter of the wire are effective methods for 
fabricating a wire with high strength and ductility. Decreasing the back stress ratio is a simple 
and available method to actualize the above. 
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7.2 Future work 
This study addressed the clarification of the effective microstructure for high ductility of 
pearlitic materials deformed via a plastic-forming process. It was considered that the microstructure 
with small amounts of lattice defects and cementite decomposition per unit mass is an effective 
microstructure for high ductility for drawn high carbon steel wire. However, changes in uniform 
elongation and reduction of area against the drawing strain cannot be understood sufficiently based on 
the mesoscale structure. Furthermore, the difference of stress value could not be considered, although 
the mechanism of forming fiber texture was discussed based on only Schmid’s law. Therefore, two 
research subjects must be further clarified. The first is explaining the changes in mechanical properties 
based on the mesoscale structure. The second is clarifying the relationship between the stress and 
strain state and fiber textures. 
For the first subject, the mesoscale structure, microstructure, and mechanical properties of 
wires with different diameters should be investigated. The effect of the mesoscale structure on the 
microstructure and mechanical properties can be discussed based on differences in the mesoscale 
structure (thickness of each fiber texture or the ratio of the thickness of fiber texture to the radius of 
the wire) caused by the different diameters of the starting materials. For the second subject, the 
relationship between the formed fiber texture and stress value during wire drawing should be clarified 
based on crystal plasticity theory. Crystal plasticity theory might help to understand the relationship 
between stress–strain state and crystal orientation. High carbon steel wire with the desired properties 
can be fabricated if these two subjects are clarified. 
Furthermore, the introduction of a mesoscale structure can help to understand the 
relationship between the microstructure and the mechanical properties: the effective microstructure 
for high ductility for other materials in which fiber texture or preferred orientation is formed by other 
metal processing as shown in Fig. 1-3. In addition, the introduction of the calculation techniques to 
predict fiber texture and preferred orientation during metal processing, e.g., the crystal plasticity theory, 
makes it possible to establish the technology for fabricating metal materials with desired properties by 
controlling the microstructure through these metal-forming process conditions and to fabricate even 
stronger materials. 
Therefore, the contributions of this study are defining the mesoscale structure of the drawn 
high carbon steel wire by fiber textures and clarifying the effective microstructure for high ductility 
based on the mesoscale structure. The versatility of these advances is that the effective microstructure 
for high ductility (the relationship between microstructure and mechanical properties) of other 
structures or materials can be clarified by the introduction of a mesoscale structure characterized by 
the preferred orientation. 
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